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ABSTRACT 

 
Vanadium dioxide, VO2, is an interesting oxide which undergoes a metal-to-

insulator phase transition (MIT) at ���� � 68 	. When MIT happens, the material 

transforms from rutile structure into monoclinic lattice at � 
 ����. This doubles the 

size of unit cell. MIT brings significant changes in electrical and optical properties of 

VO2. Electrical conductivity increases 4-5 orders of magnitude when metallic phase is 

achieved. 

In this work we studied optical, electrical and structural properties of VO2 

using Raman spectroscopy and spectroscopic ellipsometry. Raman study shows 

diverse behavior of phonon in VO2. This diversity arises from the native doping, 

substrate effect and finite-size effect. Increasing native free carrier concentration is 

found to decrease phase transition temperature with broader insulator-to-metal 

transition region. Blue shift of V—O related vibration is found and helped us to 

introduce temperature-carrier concentration phase-diagram for this material. 

Spectroscopic ellipsometry is applied to extract the optical properties of VO2 grown 

on sapphire with different orientations. Tensile strain in CR axis of VO2 is found to 

increase TMIT and energy gap of insulator VO2. Raman spectroscopy and atomic force 

microscopy are used to study the finite-size effect in VO2. Phase transition 

temperature is found to scale inversely with grain size in the film. A characteristic 

length of 300 nm is found and is associated with the electron correlation length just 

below the metallic phase.  



Texas Tech University, Mohammad Nazari, August 2013 

 

vi 

LIST OF TABLES 

1.1 The metal-insulator transition in vanadium oxides. ..................................... 3 

1.2 Symmetry assignment of the phonon modes in VO2 at the 
monoclinic phase ...................................................................................... 14 

3.1 Designation, growth temperature, free-carrier 
concentration and phase transition temperature for the 
VO2 films studied in this chapter............................................................... 41 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Texas Tech University, Mohammad Nazari, August 2013 

 

vii 

LIST OF FIGURES 

1.1 The rutile stuctue of VO2.. .......................................................................... 5 

1.2 The M1 phase VO2. ..................................................................................... 6 

1.3 The M2 phase of VO2 .................................................................................. 8 

1.4 The electronic band structure of VO2 (a) M1 and (b) 
metallic phase ........................................................................................... 10 

1-5 First Brillouin zone of simple (a) tetragonal, and (b) 
monoclinic structures ................................................................................ 11 

1-6 Phonon band structure of rutile VO2 for high symmetry 
directions .................................................................................................. 12 

1-7 Phonon band structure of rutile VO2 for low symmetry 
directions .................................................................................................. 12 

1-8 Phonon band structure of monoclinic ZrO2 ............................................... 13 

1-9 Phonon band structure of monoclinic VO2 at the pressure 
of 35.1 GPa ............................................................................................... 15 

1-10 Strain-temperature phase diagram of VO2 with M1, M3, 
M2, and R phases alongside with percolation region 
between M1 and R phases. .......................................................................  21 

1-11  The metal-insulator transition based on the band 
overlapping in the band theory .................................................................. 24 

1-12  Two different electronic configurations within four unit 
cells of a 2D crystal .................................................................................. 24 

1-13  Schematic representation of 1D chain with one electron 
per unit cell ............................................................................................... 26 

1-14  The Peierls Metal-insulator transition in a linear chain 
with one electron per unit cell ................................................................... 28 

2-1  Schematic of Raman setup in backscattering geometry ............................. 35 

2-2  A typical measured (symbol) and fitted (solid line) data of 
Is (black) and Ic (red) at 25 °C for one of the VO2 samples 
studied in this work ................................................................................... 38 

3-1 (a) Conductivity versus temperature for representative 
samples. Arrows show heating and cooling cycles. (b) 
Logarithmic derivative of conductivity, a standard way to 
determine phase transition temperature, TMIT  ............................................ 43 



Texas Tech University, Mohammad Nazari, August 2013 

 

viii 

 3-2 (a) Raman spectra for investigated VO2 samples at 21 °C. 
(b) Effect of the heating on Raman spectrum for sample 
S5 in heating cycle .................................................................................... 44 

3-3 (a) Dependence of 224 cm-1 Raman band on temperature 
and (b) Dependence for 614 cm-1 band in heating cycle ............................ 45 

3-4  Phase diagram of VO2 based on conductivity and Raman 
measurements ........................................................................................... 49 

3-5 Metallic volume fraction, f, estimated from equation 3-2 
using conductivity values at different temperatures for the 
films studied here...................................................................................... 50 

4-1  The three-layer model used in this work. Layer-1 
represents substrate and layer-2 and layer-3 model VO2, 
with layer-3 taking into account the surface roughness .............................. 57 

4-2 Real (top panels) and imaginary (bottom panels) part of 
pseudo-dielectric function of VO2 at selected temperatures 
for sample c (a,b), m (c,d), and r (e,f). Solid and dashed 
lines in 
 ��  panel represent optical transitions in 
insulating and metallic phases of VO2, respectively .................................. 60 

4-3 Real (top panels) and imaginary (bottom panels) part of 
refractive index of VO2 at selected temperatures for 
sample c (a, b), m (c, d), and r (e, f). Solid and dashed 
lines in k panel represent optical transitions in insulating 
and metallic phases of VO2, respectively................................................... 61 

4-4  Energy gap (black) and Drude energy (red) as a function 
of temperature for sample c (a), m (b), and r (c) in heating 
cycle. Vertical dashed lines in each panel represent Tonset 
and TMIT .................................................................................................... 63 

4-5 Temperature-dependent optical transitions in 
semiconductor phase (1, 2 and 3), intermediate and 
metallic phase (1’, 2’ and 3’) of VO2 samples c (a), m (b), 
and r (c) obtained from SE measurement in heating cycle. 
Vertical dashed lines in each panel indicate Tonset and TMIT ........................ 64 

4-6  Band diagram of VO2 for (a) T < Tonset in insulating phase, 
(b) intermediated phase at T ~ Tonset and (c) metallic phase 
at T > TMIT................................................................................................. 67 

4-7  Raman spectra of sample (a) c, (b) m, and (c) r at low 
temperature and near Tonset ........................................................................ 72 



Texas Tech University, Mohammad Nazari, August 2013 

 

ix 

4-8  Phonon energy as a function of temperature for peaks at 
(a) 195 and 225 cm-1, (b) 263 and 309 cm-1 and (c) 615 
cm-1 .......................................................................................................... 73 

5-1  SEM images of the samples with (a) 40 nm, (b) 81 nm and 
(c) 150 nm of VO2 thickness ..................................................................... 79 

5-2  Raman spectra of sample (a) A, (b) B, and (c) C, for 
selected temperatures around phase transition temperature ........................ 82 

5-3  Highest temperature at which different phonons are 
present in the Raman spectra as a function of phonon 
energy for different samples studied here .................................................. 83 

5-4  Temperature dependence of representative phonons in 
different samples at (a) 196, (b) 225, and (c) 618 cm-1 .............................. 85 

5-5 (a) Tonset from the phonon temperature dependence, TV-O at 
which the 618 cm-1 band vanishes, and TMIT from the 
disappearance of the 195 cm-1 Raman band, each versus 
1/h. (b) Transition width as a function of 1/h. Linear fits to 
the data are shown .................................................................................... 87 

6-1  Room temperature Raman spectra of M1 and M2 phase of 
VO2 coexisting at room temperature ......................................................... 92 

6-2  Raman spectrum of V2O5 at room temperature .......................................... 93 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Texas Tech University, Mohammad Nazari, August 2013 
 

 1 

CHAPTER ONE 

INTRODUCTION AND MOTIVATION 

1.1 Introduction 

Vanadium was discovered in 1801, redetected in 1831 and indentified as a new 

element in 1869. Due to the gorgeous colors of vanadium compounds, the name Vanadis 

was given, which is adopted from one of the nicknames of love, beauty and fertility 

goddess, Freyja, in Norse mythology.1,2 Extensive information about vanadium and its 

oxides can be found in Ref. [1].  

Vanadium has different oxidation states (+2, +3, +4, and +5) that produces 

different oxides including single valency oxides such as VO, V2O3, VO2, V2O5 and mixed 

valency oxides like V6O13, V8O15, etc.3 Vanadium oxide compounds have been receiving 

significant attention due, primarily, to the well-known reversible metal-insulator phase 

transition (MIT) in which significant changes take place in the optical and electrical 

properties of the material. The MIT happens at TMIT based on the electrical conductivity 

(σ) measurement. The thermally driven MIT (electrical conductivity) in different 

vanadium oxide compounds occurs at temperatures varying from as low as ~ -200 °C 

(~70 K) to as high as 177 °C (450 K) as listed in table 1-1. 4-6 Of these compounds, 

vanadium dioxide has been in the center of extensive research (and subject of this 

dissertation) due to its reversible, first-order MIT at the technologically important 

temperature TMIT ~ 68 °C.4 The transformation is also associated with a structural phase 

transition (SPT) from low-temperature monoclinic phase, in which the material is 
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characterized as either a narrow gap insulator or semiconductor, to high-temperature 

tetragonal rutile (R) phase, in which the material is metallic.  

Phase transition in vanadium dioxide was reported for the first time by Morin in 

1959 with TMIT at ~ 68 °C.4  Since then VO2 has been the subject of extensive 

experimental and theoretical research. Upon phase transition, the electrical conductivity 

of VO2 changes by as much as 3-5 orders of magnitude, and the optical properties exhibit 

significant variations. Various electrical, thermal, and optical devices have been proposed 

based on MIT in VO2.
7-15  

The phase transformation in VO2 can also be induced by different driving forces 

including intense illumination, external electric field, hydrostatic pressure, and strain.16-20 

In the electric field assisted MIT, the applied field produces a critical hole concentration 

which causes the phase transition.21 External factors have been reported to affect the 

metal-insulator phase transition including hydrostatic pressure, doping with aluminum, 

chromium, or tungsten, and substrate effect.22-27  

The associations between the MIT and SPT have led to controversy about the 

nature of the phase transition. Although the Mott-Hubbard mechanism has been accepted 

as the driving force for MIT in VO2, the Peierls mechanism has not been entirely ruled 

out.22,30-36 While it is generally accepted that the MIT and SPT occur simultaneously, 

recent reports indicate that these are distinguishable.21,35 Micro-X-ray diffraction 

measurements have shown that the metal-insulator transition may begin at temperatures 

lower than that of the SPT at TSPT in which VO2 is in the monoclinic phase between room 

temperature and TMIT. 35 Absence of diffraction peaks from VO2 in the rutile structure 
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prior to the SPT is reported in Ref. [35] and interpreted as evidence that the MIT occurs in 

small domains without any SPT and that the SPT happens at a higher temperature.35 

Table 1-1. The metal-insulator transition in vanadium oxides (reproduced from [6]) 

*VO is considered having TMIT  at -147 °C (126 K) in Ref. [4] with 6 orders of magnitude 

jump in the electrical conductivity, **Ref. [28,29] reported the MIT for V2O5 

 

Oxide 

 

TMIT (°C/K) 

Jump in conductivity (orders of 

magnitude) 

VO* Metal - 

V2O3 -123/150 10 

V3O5 177/450 2 

V4O7 -33/240 3 

V5O9 -143/130 6 

V6O11 -103/170 4 

V7O13 Metal - 

V8O15 -203/70 1 

VO2 67/340 3-5 

V6O13 -123/150 6 

V2O5** Insulator - 

 

1.2 Crystal Structure of VO2 

Vanadium dioxide has two electronically different states. VO2 crystallizes in 

rutile (R) structure at temperatures higher than TMIT, and monoclinic structure at 

temperatures lower than TMIT.  At the high temperature phase of VO2, vanadium atoms 

are equally spaced along linear chains in the CR direction and form a body-centered 

tetragonal lattice as shown in Fig. 1-1. Each metal atom is surrounded by an oxygen 

octahedron, and the octaherda located at the center and corners of the unit cell is twisted 
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by 90° about the CR axis relatively.37 The lattice parameters are �� � 2.85 Å and 

�� � �� � 4.55 Å .38  

The most stable phase of VO2 at temperatures lower than TMIT is called the M1 

phase and has a monoclinic structure with lattice constants of aM� � 5.70 Å, bM� �
4.55 Å, cM� � 5.38 Å, and ��� � 123°.38 The most significant feature of the M1 phase of 

VO2 is the pairing of vanadium atoms and then the titling of pairs along the CR axis. This 

feature doubles the size of the unit cell, as shown in Fig.1-2. The crystallographic 

relationship between the R and M1 phases is approximately aM� " 2CR, bM� " aR , 

and cM� " aR % CR.38-40 
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Figure 1-1. (Adopted from Ref. [37]) The rutile structure of VO2. Red and blue circles 

show vanadium and oxygen atoms respectively. 
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Figure 1-2. (Adopted from Ref. [37]) The M1 phase VO2. Orange and blue circles show 

vanadium and oxygen atoms respectively. Oxygen atoms shown by dark blue (O1) have 

different V—O separation than those in bright (O2). 
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The octaherda in the monoclinic phase are gravely deformed giving different V—

O distances in the range of 1.76-1.86 and 2.01-2.05 Å.3,39 

Besides the M1 phase, other low temperature phases of VO2 have been reported. 

Doping vanadium dioxide with chromium, aluminum and tensile strain in the CR axis 

results in intermediate M2 and M3 (Triclinic, T) phases.40-42 In the M2 phase, vanadium 

chains in the CR axis alternately pair without twisting and twist with no paring as shown 

in Fig. 1-3. The crystallographic transition from the rutile phase into the M2 phase is 

approximately bM& " 2CR, aM& " 2aR, and cM& " %bR. The lattice constants of the M2 

phase are bM& � 5.797 Å, aM& � 9.07 Å, cM& � 4.53 Å, and ��& � 91.88°.40 

The M3 phase is intermediate between the M1 and M2 phases, in which paired 

(untwisted) vanadium chains in the M2 phase are twisted slightly.37 While the transition 

from M1 to M2 in terms of volume and Raman peak positions are not continuous, the 

transition to M3 is considered continuous.40,42 The M3 phase can play a role to make a 

continuous and gradual transition between the M1 and M2 phases. Phonon energies of the 

M1 phase at 195, 224, and 615 cm-1 are reported to blue shift gradually upon transferring 

into the M3 phase.42 Replacing vanadium with elements of lower oxidation state, such as 

Cr, Al, or Fe, is reported to stabilize M2 and M3 phases of VO2 at room temperature. 
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Figure 1-3. (Adopted from Ref. [37]) The M2 phase VO2. Orange and pink circles are V 

atoms. Circles in different blue color show oxygen atoms. Vanadium shown in pink are 

paired without twisting and those in orange twist without paring. 
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1.3 Electronic Properties of VO2  

The band structure in VO2 consists of O2p and V3d orbitals. O2p orbitals stay well 

below Fermi level, 2.5 eV, and includes π and σ bonds of 2p orbital.39 Vanadium atoms 

in VO2 provide one d electron per vanadium atom. In the rutile phase, the d orbitals of 

vanadium cations are spilt into triply degenerate )�*  states (+,&-.&, +,/, and +./) and 

doubly degenerate e12(σ antibonding, 34) orbitals (+5/&-6&, +,.).37 The latter lies at 

higher energy than then the )�*  states which contain d electrons. The crystal field splits 

the )�*  orbitals into +7 (�8*) bands, formed by σ bonding between two adjacent 

vanadium cations along the CR direction, and 94 (:*;<  bonds formed by the Vd—Op 

antibonding doublet. The electronic band structure of VO2 in the rutile phase is shown in 

Fig. 1-4(b).  

In the M1 phase, pairing of vanadium atoms in the CR direction splits the +7 bands 

into lower and upper bands. The upper +7 is called +7 4  throughout this work. Furthermore, 

the twisting of V—V pairs enhances the Vd—Op hybridization, raises 94 bands above the 

Fermi level, and opens up a gap of ~0.7 eV.39 In intrinsic VO2 and at 0 K, only the lower 

+7  band is filled. At room temperature or n-type VO2, however, the 94 band is partially 

filled, as shown in Fig. 1-4(a). 
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Figure 1-4. The electronic band structure of VO2. (a) M1 and (b) metallic phase. 

 

1.4 Phonon Band Structure of VO2 

Vanadium dioxide crystallizes in tetragonal and monoclinic lattices in metallic 

and insulating phases, respectively. Figure 1-5 illustrates the first Brillouin zone of these 

two phases along with different symmetry points.  

Gervais et al. studied lattice dynamics of rutile structure oxides including VO2.
43 

Figures 1-6 and 1-7 show phonon band structure in rutile phase of vanadium dioxide for 

high and low symmetry directions, respectively. They found lattice instabilities at the R 

point of the Brillouin zone in VO2. The phonon softening of the lowest acoustic branches 



Texas Tech University, Mohammad Nazari, August 2013 
 

 11

at R point in VO2 was interpreted to induce pairing of one-half of vanadium atoms and 

doubling of unit cell size which happens in metal-insulator in VO2.  

 

 

Figure 1-5 (from Ref. [37]). First Brillouin zones of simple (a) tetragonal, and (b) 

monoclinic structures. 

They calculated twelve phonons at zone center for VO2 in metallic phase.  

However, four phonons were reported at energies 240, 390, 510, and 615 cm-1 in Ref. 

[44]. The modes at high temperature have A1g, B1g, B2g, and Eg symmetries. Broad features 

with linewidth larger than 100 cm-1 are associated with the Raman spectra of VO2 at high 

temperature. Due to screening effect, we did not observe any features related to metallic 

phase in the samples investigated in this work. 
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Figure 1-6 (from Ref. [43]). Phonon band structure of rutile VO2 for high symmetry 

directions.  
 

 

Figure 1-7 (from Ref. [43]). Phonon band structure of rutile VO2 for low symmetry 
directions.  
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Figure 1-8 (from Ref. [45]). Phonon band structure of monoclinic ZrO2.  
 

Due to complex structure of monoclinic VO2, it is very difficult to calculate 

phonon band structure. Vanadium dioxide has eighteen allowed phonon modes in the 

low-T phase. The phonons in the monoclinic phase are Ag and Bg modes.46 The Bg modes 

are usually weak in Raman intensity.47 Table 1-2 (reproduced from Ref. [44]) shows 

optical phonon modes wavenumber in both the M1 and R phases of VO2 with symmetry 

assignment of different phonon modes in low-T phase. While according to table 1-2, 

modes at 313 and 339 cm-1 have Ag and Bg symetry  respectively, Chou et al. on the other 

hand has assigned opposite symmetry for these mode.47  

 

 



Texas Tech University, Mohammad Nazari, August 2013 
 

 14

The Ag and Bg symmetries have the Raman tensors in the following forms47 

 =* :     ?� 0 +0 � 0+ 0 @A  (1-1) 

 B* :     ?0 : 0: 0 C0 C 0A  (1-2) 

 

Table 1-2. Symmetry assignment of the phonon modes in VO2 at the monoclinic phase.  

T<TMIT Wavenumber (cm-1) 

Ag 149 199 
 225 313 
 392 453 
 503 595 
 618  
   

Bg 259 265 
 339 395 
 444 489 
 670 830 
   

T>TMIT 240 390 
 510 625 

 

We could not find any publish work on phonon band structure of monoclinic 

phase of VO2. It seems phonon dispersion curve of low-T phase of VO2 should be close 

to material like ZrO2 with monoclinic lattice. Sternik et al. studied lattice vibration of 

ZrO2 in different phases including monoclinic structure.45 Figure 1-8 shows the phonon 

band structure for ZrO2 in monoclinic structure. They reported 18 Raman and 15 infrared 

active modes at the Γ point of the Brillouin zone. The Raman active modes of ZrO2 have 

wave numbers (symmetry) of ~ 128(Ag), 175(Bg), 187(Ag), 196(Ag), 226(Bg), 323(Bg), 

335(Bg), 337(Ag), 364(Ag), 410(Ag), 410(Bg), 491(Ag), 511(Bg), 558(Bg), 577(Ag), 637(Bg), 
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663(Ag), and 762(Bg) cm-1. Due to the differences in polarizibilities and masses of 

vanadium and zirconium atoms as well as polarizibility of oxygen in VO2 and ZrO2, 

vanadium dioxide phonon energies is expected to be different and possibly higher than 

the values reported for ZrO2.  We estimate that the correction factor could be roughly 

1.11. Comparing the symmetry and energy of phonons in ZrO2 and VO2, we think that 

the main phonons of VO2 at 199(Ag), 225(Ag) and 618(Ag) cm-1 may correspond to the 

ZrO2 phonons at 187(Ag), 196(Ag), and 577(Ag) respectively.  

 

Figure 1-9 (from Ref. [48]). Phonon band structure of monoclinic VO2 at the pressure of 
35.1 GPa.  

 
Kim et al. reported phonon dispersion of M1 phase of VO2 at pressure of 35.1 

GPa with phonon band structure shown in Fig. 1-9.48 They pointed out that in this high 

pressure VO2 is not in stable M1 phase. Hydrostatic pressure in reported to blue shift VO2 

phonons of 199, 225 and 618 cm-1 at high hydrostatic pressure.19 Therefore, phonon band 
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structure of M1 phase of VO2 seems to be similar to Fig. 1-9 with some offset in the 

energy.    

Marini et al. studied the effect of oxygen on the Raman spectra of VO2 film and 

assigned the phonons at low energy region (~195 and 225 cm-1) to the V—V vibration, 

while the mode at 618 cm-1 is associated with  V—O vibration.19 Lee et al. investigated 

Raman spectra of amorphous V2O5 films.49 They assigned phonons in the intermediate 

and high-energy region to different V—O vibrations. It seems the same is applicable to 

the phonon modes in VO2. Therefore, the mode at 618 cm-1 in VO2 can be related to the 

stretching mode of V—O vibration, while the phonons in the intermediate energy range 

can be associated with the different bending modes of V—O vibration.   

1.5 Literature Review 

Goodenough proposed two different and distinguishable ways for the MIT in VO2 

to happen. An antiferroelectric-to-paraelectric transition takes place at a higher 

temperature than the homopolar (a covalent bond whose total dipole moment is zero) to 

metallic V—V bonding transition.39 Pairing of V atoms traps the d electrons in the V—V 

homopolar bands at the low temperature phase of VO2.
50 Tilting of V—V pairs produces 

different V—O distances, which in turn increases the electric dipole of V—V homopolar 

bonds to a nonzero value. Since the net electric dipole is zero, then tilting is considered to 

be an antiferroelectric transition. Goodenough considered the existence of 

antiferromagnetism at the low-T of VO2 as evidence of electronic correlation and the 

important role it plays in metal-insulator phase transition.  

Goodenough39 pointed out that the opening of a gap in the monoclinic phase of 

VO2 requires either a destabilization of the π* bands or a stabilization of at least the 
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bottom half of the +7 bands or both. Crystallographic deformation would destabilize the 

π* bands and increase the splitting between the π and π* bands. The +7 bands can be 

stabilized by a decrease in the 
DEFE ratio. Since compression in the CR axis would increase 

splitting between bonding and antibonding orbitals, one would expect to see an increase 

in the energy gap in VO2, a phenomenon that has not been observed. Although the phase 

transition temperature increases upon increasing hydrostatic pressure, the energy gap has 

been observed to decrease.51 This experimental observation, along with the fact that 

different phases of VO2 (M1, M2, and T) are structurally different in terms of V—V 

pairing, rules out the significant role of vanadium pairing in the MIT. This was pointed 

out by Goodenough, who concluded that the homopolar-metallic V—V bond transition 

has little effect on opening up the energy gap in VO2.
38,39 The bottom half of the +7 bands 

is stabilized by unit cell doubling (aM� " 2CR), either through crystallographic distortion 

or magnetic ordering. The unit cell doubling can be introduced by homopolar V—V 

bonding (corresponds to the V—V pairing) along the CR axis. Goodenough mentioned 

that the V—V pairing does not seem to be the driving force for the MIT in VO2.  

One of the early and extensive experimental works on VO2 was done by Verleur 

et al., who studied the optical properties of VO2 in photon energy between 0.25 and 5 

eV.52 They used reflectivity and transmission measurement to extract optical constants, 

the energy gap and transition lines. The authors reported four absorption peaks at photon 

energies of 0.85, 1.3, 2.8, and 3.6 eV in the semiconductor phase with an energy gap of ~ 

0.6 eV. Above TMIT, however, absorption due to free carriers was seen below the photon 

energy of 2 eV  with two absorption peaks at 3 and 4 eV.52  
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Berglund et al.
53 studied the optical, thermal and electrical properties of VO2 

around the metal-insulator transition. They reported an energy gap, Eg, of 0.6-0.7 eV in 

the low temperature phase of VO2 in which conduction bands, mostly consisting of 

vanadium 3d orbitals, are separated from oxygen 2p orbitals. The energy gap is closed by 

a carrier density of 1019-1020 cm-3 in the metallic phase. This density corresponds with 

more than one electron per vanadium atom and hence leads the authors to the conclusion 

that in the metallic phase there can be more than one type of carrier. TMIT was reported to 

increase upon the increase of hydrostatic pressure.53 The optical properties of VO2 have 

also been studied by Qazilbash et al. using different techniques, including spectroscopic 

ellipsometry, reflectance, and infrared spectroscopy. 8,54-56  

The energy gap at the low-T phase of VO2, has been found to be indirect and 

ranging from as low as 0.3 eV to as high as 0.7 eV.52,53,57-61 Berglund et al. reported that 

the electrical conductivity derived energy gap decreases as hydrostatic pressure 

increases.51 Lazarovits et al. used cluster-dynamic mean field theory to study strain effect 

on the electrical properties of VO2.
59 They found that compressive strain in the CR axis 

decreases the energy gap.  

Barker et al.,62 Hensler,63 and Rosevear et al.,64 studied transport properties of 

vanadium dioxide films in detail. Using infrared reflectance and transmission 

measurements in the semiconductor state, Barker et al. reported a carrier effective mass 

ratio (
GF66HI6 IJJIGKHLI MFNNJ6II IOIG6PQ MFNN ) of 1-4.62 The conduction-band effective mass ratio is reported 

to vary from as low as close to one in both the low-T and high-T phases53 to 60 in the 

semiconductor phase38 and 40 in the metallic phase38,50 The mass enhancement in the 
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semiconductor phase  of VO2 is attributed to the spin cloud that carriers carry (no mass 

enhancement is needed for metallic phase).38 The carriers’ mobility has been reported in 

the range of 0.5-19  
GM&
R.S  in the insulating phase,50,53,62,64 and 0.35-10 

GM&
R.S  in the metallic 

phase.53,64   

Structural properties of vanadium dioxide through the MIT has been studied by 

Marezio et al.,40 Atkin et al.,42 and others.41,65 Raman spectroscopy has been utilized to 

investigate thin layer, micro and nano-beam, and nano particles of vanadium 

dioxide.19,22,46,66-71   

The substrate has been reported to affect the MIT in VO2.
26,27 Muraoka et al. 

studied the effect of substrate on TMIT in VO2.
26 The most important finding of their study 

is that strain along the CR direction of VO2 is playing an important role in the phase 

transition with tensile (compressive) strain blue (red) shifting TMIT.   

Mechanical properties of VO2 have been reported in Ref. [72-74]. Jin et al. studied 

room temperature mechanical properties of VO2 films deposited on Si and sapphire 

substrates. Epitaxial VO2 films on sapphire substrate are found to have composite 

modulus of 240-260 GPa, and polycrystalline films of VO2 on Si substrate show 140-170 

GPa of composite modulus.72 They attributed the higher values in epitaxial film to the 

compressive stress from lattice mismatch. Very different values of Young’s moduli have 

been reported in Ref. [73]  with  (156±7), 102±3, and 110 GPa for M1, M2, and R phases 

respectively. Sepulveda et al. investigated temperature-dependant Young’s modulus in 

VO2.
74

  They reported Young’s modulus to be ~ 86.4 (86.1) GPa at room temperature 
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(just above TMIT) and it decreases slightly upon increasing temperature. In the 

intermediate range however, this quantity increases abruptly.74  

1.6 Phase Diagram in VO2 

Diverse stress/strain along the CR axis or doping with chromium produces 

different phases of VO2.
40,41 Figure 1-10 shows strain-temperature phase diagram of VO2 

(reproduced from Ref. [41] and decorated with results found in this work). Under 

compressive strain/stress, the phase transition is from the M1 phase into R phase. The 

transition is sharp and narrow in single crustal VO2 (electrical conductivity), 4 but it is 

seen to be gradual and sluggish in thin films of VO2.
75 The transition temperature 

depends on the strain and decrease with increasing compressive strain in the CR axis. The 

transition is started with the nucleation of the guest materials (R phase) inside the host 

material (M1 phase). The new phase continues to grow by increasing temperature, 

consume the host material, and finally the transition is achieved. Defects and vacancies 

are believed to help the nucleation of the guest phase. The transition in thin films of VO2 

is associated with an intermediate region we call the percolation region. In this region, 

the percolation threshold (~40% of the material has been transformed into new phase) is 

achieved and the metallic islands embedded in the M1 phase of VO2 is assumed to be 

connected. This provides a macroscopic path for electrical conduction. This would 

increase the electrical conductivity of the film and  a noticeable deviation in the electrical 

conductivity of VO2 has been observed.75 The sluggishness in the M1-R transition can be 

attributed to the percolation region.  
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Figure 1-10. Strain-temperature phase diagram of VO2 with M1, M3, M2, and R phases 

alongside with percolation region between M1 and R phases. Tensile strain in the CR axis 

introduces M2 and M3 phases, while in compressive strain M1-R transition happens.    

Tensile strain on the other hand, introduces the M3 and M2 intermediate phases of 

VO2. The transition from the M1 phase into R phase is broad. The temperature, at which 

the intermediate phases start to grow, decreases by increasing tensile strain. The TMIT on 

the other hand, increases upon increasing tensile strain. The M3 phase has been found to 

play an important role in making the phase transition continuous with gradual blue shift 

in phonon energies.42 In the M3 phase, alignment of the V—V chains occurs across a 
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range of stress and temperature conditions rather than the abrupt transition seen in bulk 

crystal of VO2. In contrast to the sharp M1-M2, the M1-M3 transition appears to be 

gradual and continuous.40,42  

1.7 Phase Transition Mechanisms 

1.7.1 Mott Insulator 

There are three types of metal-insulator transitions and hence a localization of 

electrons: Bloch transition, Mott transition, and Anderson transition.76 The first class of 

transition is explained by the band theory of the crystalline solids. In the Bloch theory of 

crystals, electron-electron interaction is ignored in the Hamiltonian. In this theory, 

influence of static periodic ionic potential on electronic motion opens up a gap between 

the bottom of conduction and the top of valance bands. In this approach, electronic wave 

functions are considered to be extended in both insulator and metallic phases. The 

metallic behavior in Bloch theory for materials having an even number of electrons per 

unit cell is possible based on the band overlap. The schematic of such transition is 

illustrated in Fig. 1-11. The fully filled (empty) band in the insulator phase is just below 

(above) the Fermi level, Fig. 1-11(a). Changing external parameters, e.g. pressure in 

ytterbium, can cause the bands to overlap and transition into the metallic phase takes 

place as shown in Fig. 1-11(b). These kinds of metals are also called semimetals. 

Graphite is a familiar semimetal happens to be only in the metallic side of Fig. 1-11 (at 

standard temperature and pressure) and there is no way of removing band overlapping to 

open up a gap. 76 

The Bloch-Peierls-Wilson theory (the band theory) fails to explain an insulating 

behavior for materials having odd numbers of electrons per unit cell. In the Mott and 
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Anderson types of transitions, localized electronic states on the atomic sites induces 

insulating behavior in these materials. The electronic wave fusions are significant around 

a few atoms and exponentially drops elsewhere inside the crystal for distances greater 

than localization length.76  Localized electronic states are favorable in a very narrow band 

(0.5 eV) with insignificant lost in kinetic energy of the confined electrons.77,78 This 

condition would favor the insulating state. At some critical atomic separations, the lost 

due to confinement of electrons on the atomic sites exceeds the repulsion energy between 

electrons. This situation leads to the insulator-metal transition due to the lower energy of 

the metallic phase.  

In the Mott insulator, electron-electron interaction plays an important role in 

description of the material. In the conventional band insulator, the free noninteracting 

electronic configuration in the crystal plays no role in the band structure calculations. In 

this approach, two configurations shown in Fig. 1-12 have the same energy. However, in 

reality electrons move in such a way to avoid the energetically unfavorable configuration 

of Fig. 1-12(b). The overestimated ground state energy due to neglected e-e correlation is 

called the correlation energy.76  Solids in which the correlation energy is importantin 

driving the material into insulator phase, e.g. NiO and NiS2, are called the Mott 

insulators.  
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Figure 1-11. (Reproduced from Ref. [76]) The metal-insulator transition based on the band 

overlapping in the band theory. External parameters can induce the band overlapping and 

hence electronic conduction. 

 

Figure 1-12 (Reproduced from Ref. [76]).Two different electronic configurations within 

four unit cells of a 2D crystal. While in the band theory these two configurations are 

identical, in real situation the configuration in (b) has higher energy due to the Coulomb 

repulsion of electrons (small dots). 
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In the Mott insulators, it is possible to have localized electronic wave functions 

due to electron-electron interactions. The Mott insulators appear to be magnetic as seen in 

monoxides of transition metals like NiO. In these materials, magnetism arises from 

confinement of correlated electrons on the atomic sites and hence the system tends to be 

magnetic. Electronic correlation in these insulators introduces antiferromagnetism. Due 

to the antiferromagnetism transition associated with the MIT, some researchers prefer to 

reserve the “Mott insulator” expression for the magnetic materials having the MIT.  

The interaction between the 3d electrons of, for example, Ni2+ in NiO can lead to 

the insulating ground state. This interaction can split the d-band according to the 

reaction 2T3+Q< U 3+QV8 W 3+Q-8 % X, where U is the correlation energy (Coulomb 

repulsion) and W is the 3d bandwidth of Ni2+.79 For a very broad band (i.e. U<W) the 

reaction (having two electrons in one atomic site in a system with one electron per unit 

cell) is allowed, the splitting of the 3d band is not favorable energetically, and as a results 

conduction is achieved in Ni band. In the opposite condition however (U>W) the 

repulsion energy is high enough to split the 3d band with a lower filled band and a higher 

empty band, which introduce the insulator phase.  

The Hubbard Hamiltonian is used to theoretically calculate the band structure of 

the correlated electronic systems. In this approach, there are two characteristic energies in 

the Hamiltonian 

1) The nearest neighbor hopping or tunneling term (t). This term is related to the 

kinetic energy of electrons and hence describes tunneling of electrons from 
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one atomic site to the nearest neighbor. This term is eventually related to the 

bandwidth, say 3d electrons in VO2, in a crystal.  

2) The Coulomb or correlation energy (U). This term describes the interaction 

energy between electrons.  

Large values of U/t (>4) can split the lower and upper Hubbard band and 

introduce localized electronic wave functions. Hence, the system transforms into the 

insulator phase. Electrons with large values of the hopping/tunneling term relative to the 

correlation term can overcome the Coulomb repulsion and one site can be doubly 

occupied by electrons. These electrons can then move from one atomic site to the 

neighboring sites leading to the delocalized electronic wave functions. Fig. 1-13 

schematically describes a one-dimensional electronic chain with lower and upper 

Hubbard bands.  

 

Figure 1-13 (Adopted from Ref. [80]). Schematic representation of 1D chain with one 

electron per unit cell. For U/t > 4 the lower and upper bands are separated and electrons 

are confined on the atomic sites leading to the Mott insulator phase. 

The Anderson localization happens in amorphous materials and hence it is a 

disorder-order transition. Disorders in a crystal structure would produce randomly 

different potential wells on each atomic site. These random potential wells create disorder 
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related bandwidth, W’. For large value of W’/W where W is the bandwidth of the crystal 

without disorder, electronic localization is favorable. Unlike the Mott transition, the 

Anderson transition is achievable through purely noninteracting electronic pictures. The 

Anderson and Mott transitions are related to each other and in some materials like 

phosphorous doped Si both mechanisms are present.  

1.7.2 Peierls Insulator 

Distortion in a structure can lead to a metal-insulator transition. In a Peierls 

insulator, the electron phonon interaction can deform the crystal and introduce a new 

periodicity, which in turn can open up a gap in the systems having odd numbers of 

electron per unit cell. The conventional band theory predicts a half-full valence band for a 

one-dimensional chain with one electron per unit cell. The electron phonon interaction 

can produce lattice distortion and therefore lead to the doubling of the lattice constant. 

Shown in Figure 1-14 is the schematic description for the Peierls metal-insulator 

transition. In the lack of lattice distortion (no electron-phonon interaction), the chain is in 

the metallic phase having homogeneous electronic charge distribution with the half-filled 

band. The electron-lattice interaction can dimerize atoms and hence double the unit cell. 

Doubling of the unit cell would open up a gap at YZJ.  

In the Peierls mechanism, electron-phonon interaction occurs at the high 

temperature VO2. This interaction causes softening of the phonon in the metallic phase R 

point of the Brillouin zone and produces instability by increasing vibrational entropy. 

Then the system decreases its energy by going to the monoclinic structure, therefore  

providing driving force for the metal-insulator transition.43,81 A comprehensive review 
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paper by Imada et al. provides a detailed description of the metal-insulator phase 

transition.82 

 

Figure 1-14 (Adopted from Ref. [80]). The Peierls Metal-insulator transition in a linear 

chain with one electron per unit cell. While in the metallic phase electronic charge 

distribution is homogeneous, in the insulator phase it is localized. 
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CHAPTER TWO 

SAMPLE GROWTH, MEASUREMENT TECHNIQUES, AND MEASUREMENTS 

2.1 Samples Growth 

Films of vanadium dioxide were deposited on different substrates, Si and 

sapphire, using a computer controlled pulsed reactive DC magnetron sputtering (J. K. 

Lesker PVD75) system. A high purity vanadium metal target (99.95%) was sputtered in 

an argon and oxygen gas mixture. The growth temperature and sputtering gas ambient 

were optimized previously by Dr. Fan’s group in Nano Tech Center.83-85 Growth 

conditions for different samples studied in this work are discussed in chapters 3-5. 

2.2  Techniques and Measurements 

2.2.1 Raman Scattering 

The interaction between monochromic photons and a system like a crystalline 

material (Si, GaAs, Diamond etc.) results in three main scattered frequencies. The 

interaction can be elastic or inelastic. The elastic interaction is the strongest scattered 

light in the same energy associated with the incident light and is called the Rayleigh 

scattering. In the inelastic scattering, the scattered light has different energy than the 

incident light. This interaction is associated with a phenomenon called the Raman 

scattering after its discoverer C. V. Raman in 1928.86  

Phonons are quantized collective vibrational modes of atoms in a lattice. Atoms 

inside a crystal structure can vibrate about their equilibrium positions in thermal 

equilibrium at temperature T. In simplest scenario, the vibration can be assumed being 

harmonic oscillator with the nearest neighbor interaction. Classical dynamic can be used 
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to solve this problem, which gives the normal modes frequency ([\ ) as a function of 

mode wave vector (\). The normal modes are divided into longitudinal and transverse 

modes with conventional meaning. Each mode further can be divided into optical and 

acoustical branches. In acoustic branch, atoms vibrate in phase. For long wavelength 

regime, the relation between mode frequency and wave vector in acoustic branch is linear 

and approaches zero at the center of Brillouin zone. In the optical mode on the other 

hand, atoms inside the crystal vibrate against each other and the associated energy does 

not reach zero in ] point of Brillouin zone.  

Elastic scattering of light involves excited electrons. Electrons inside a crystal 

absorb photons (frequency of [^) and get excited to a higher electronic state. Then these 

excited electron can radiatively decay to their ground states emitting photons of 

frequency [^. In classical interpretation of elastic scattering of light, electric field of 

photons disturbs electron cloud around positively charged ions. This would induce 

vibrating electrical dipole with frequency of absorbed light. Oscillating electrical dipole 

will radiate according to the classical electrodynamics.  

In the inelastic scattering of photons, Raman scattering, excited electrons can 

interact with ions inside the crystal and hence create/absorb a phonon. In the case of 

creating a quantum of phonon (Stokes scattering), relaxation of electron to ground state 

would result in photon with frequency [^ % [_ . In the anti-Stokes scattering, excited 

electrons can absorb phonons and move to higher energy level inside the electronic band 

structure and then radiate to the ground sates with photon of [^ W [_   frequency. 

The Raman scattering is a symmetry dependent process, which is not available in 

first order optical phenomena. The symmetry-dependent Raman scattering makes it a 
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useful tool in analyzing materials parameters. Polarization selection rules in the Raman 

measurement helps to distinguish different cuts in a crystal. Polarization selection rules 

are discussed in detail in Ref. [87]. The Raman peak positions are sensitive to 

polarization, stress, hydrostatic pressure, and temperature. Therefore, it can be used to 

evaluate different parameters of materials including built-in stress during thin films 

growth and self-heating inside a device.88-90 Furthermore, by using different wavelengths 

(corresponding to different penetration depths) of the excitation source in the Raman 

measurement one can carry out depth-profile measurement (e.g. depth profile of stress in 

thin films) or perform surface measurement by using an excitation source with a shorter 

wavelength. Ultraviolet Raman spectroscopy is suitable to investigate just a few atomic 

layers of a thin film due to small penetration depth of UV light.     

In the Raman process, conservation of energy and momentum is held  

 `[S �  `[�Y `[_  (2-1) 

 `\a �  `\bY `Tc_ W d< (2-2) 

Minus (plus) sign in equations 2-1 and 2-2 refers to the Stokes (anti-Stokes) 

scattering with [�(\�), [S(\S), and [_(c_) representing frequency (wavevector) of 

incident light, scattered light and phonon respectively. In equation 2-2, `d shows 

contribution of the lattice momentum inside the crystal which can take zero value. The 

difference between frequencies of the scattered and incident lights is relatively small due 

to a small phonon frequency. Therefore, to a good approximation, the incident and 

scattered photons have the same wavevector, |\�| f |\S| � Z.  The wavevector of a 

visible photon (common excitation laser source in the Raman measurement) is in the 
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range of 104-105 cm-1 and about 10-4-10-5 of gMF, � �;F � h. To have the conservation of 

momentum (equation 2-2), G must be chosen zero, and we have 

 g_ �  2ZijkT8� l< (2-3) 

where l is the angle between the incident and scattered directions. Since photon caries 

small wave vector compared to the size of the Brillouin zone, equation 2-3 implies that in 

a perfect crystal phonons from close to the center of the Brillouin zone, g_ f 0, are 

involved in the Raman process.87 This selection rules therefore allows only optical 

phonon from center of Brillouin zone of a perfect crystal.   

The classical treatment of the Raman scattering assumes a change in the 

polarizability of the medium involved in the light-matter interaction. The electric field of 

a electromagnetic wave, m � mn@oiT[^)<, induces the electric dipole moment, P, in 

homogeneous materials 

 q � rm � rmn@oiT[^)<  (2-4) 

The induced electric dipole, assuming constant polarizability (r), oscillates in the 

same frequency as that of incident light and is the source of the Rayleigh scattering. The 

polarizability is not constant, however, and can be affected by the scattering center. The 

scattering centers or phonons can be assumed to oscillate with the frequency [_ , s_ �
s_̂ cosT[_)<. Assuming that polarizability changes as   

 r � r^ W v wxwyz{^ s_ W |j}|:~ ):~�i  (2-5) 

the electric field induced dipole would have the from 

q � rm � r^mn@oiT[^)< W 12 �^ � �r�s_�^ s_̂ �cosT[^ % [_< ) 

 W cosT[^ W [_< )�  (2-6) 
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This equation shows that the scattered light oscillates in three different 

frequencies. Besides the Rayleigh frequency, two new frequencies appear and are 

coupled with the phonon frequency ω�. The first and second terms in equation 2-6 

describe the Stokes and anti-Stokes Raman scattering respectively. 

The classical theory of the Raman effect predicts the right frequency of the 

Rayleigh, Stokes and anti-Stokes scatterings. This theory predicts dependence of the 

Rayleigh and vibrational Raman scattering tensors on the polarizability and first-

derivative polarizability tensors respectively. However, quantum mechanics needs to treat 

the Raman scattering properly due to limitations of the classical theory.   

In quantum mechanical treatment of light scattering (including Raman scattering) 

Hamiltonian of the couples radiation field and scattering medium (e.g. a crystal) can be 

written in the fallowing form 

 ��� W �� W ����  (2-7) 

where ���, ��, and ����  are the radiation field Hamiltonian (which includes both incident 

and scattered fields of light), total Hamiltonian of the scattering medium, and the 

coupling of light to the medium. The Hamiltonian of the scattering center has two parts 

(a) ��^ which is the Hamiltonian of different elementary excitations inside crystal (in this 

case phonons), and  ��� which is the Hamiltonian for the interaction between these 

excitations. 

Initial and final states of lattice vibrations are eigenfunctions of the H�^  

 ��^ �|j �� � `[_,H �|j �� (2-8) 

 ��^ �|C�� � `[_,J �|C�� (2-9) 

Therefore the energy gain by the medium then is `[ � `[_,J % `[_,H. 
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The radiation field has a transition from its initial state with k� incident photons 

and kS scattered photons to final state with k� % 1, and kS W 1 photons with  

 ��� �|k� , kS �� � Tk�`[� W kS`[S<�|k� , kS �� (2-10) 

 ��� �|k� % 1, kS W 1�� � �Tk� % 1<`[� W TkS W 1<`[S��|k� % 1, kS W 1�� (2-11) 

Quantization of the radiation field gives the vector-potential (��T�<) and electric-

field operators, which include photon creator and destruction operators.  

The linear momentum operator of jth electron needs ��� U ��� W :��T��< 

replacement, and the electron-radiation Hamiltonian, ���� , can be written as 

    ����� � I&
�M ∑ ��T��< · ��T��<  �  (2-12) 

 ������ � IM ∑ ��T��< · ���   �  (2-13) 

The matrix element of �����  (by using equation 2-12 and known relation for 

vector-potential and creation and destruction operators) would include wave vector of the 

scattering medium, which is defined by conservation of momentum in the Stokes process 

i.e. c � \� % \S. Since c is very small for light scattering by a crystal, very small matrix 

element is produced by ����� . Hamiltonian ������  however, include vector-potential and 

hence linear in creation and destruction operators. This is a second order scattering and 

has a major contribution to the scattering by phonons.91  
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Figure 2-1. Schematic of Raman setup in backscattering geometry. 

2.2.2 Micro-Raman Measurement 

Raman spectra were taken in the backscattering configuration using the 514.5 nm 

line of an Ar ion laser as the excitation source. In the Micro-Raman measurement, the 

laser beam was focused on the sample using a microscope with beam of �� in diameter. 

The schematic of the backscattering geometry is shown in Fig. 2-1. Laser power was kept 

less than 10 mW on samples to avoid possible heating of the specimens due to the local 

heating. The scattered radiation was analyzed by a 0.5 m spectrometer and detected using 

a liquid-nitrogen-cooled charge-coupled device (CCD). Holographic Notch filters were 

used to filter out the Rayleigh scattering that is typically three orders of magnitude 

stronger than the Stokes Raman scattering. The spectral resolution and precision of the 
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Raman system are less than 2.0 and 0.2 cm-1, respectively. Neon and mercury lamps were 

used to carefully calibrate the system. 

2.2.3 Spectroscopic Ellipsometry (SE)
92

 

Spectroscopic ellipsometry is an optical method in which film’s optical properties 

such as refractive index, dielectric function, electronic transitions, film thickness and 

roughness, etc. can been evaluated in a wide range of photon energy, 0.6-6.5 eV. Light 

beam reflected from or transmitted through a material undergoes a change in its 

polarization state. The reflective ellipsometry measures the elliptically polarized light 

after a linearly polarized light beam is reflected from a sample surface. The change in the 

polarization state of the light is then used to deduce film thickness and optical properties 

of the material as a function of photon frequency, [. The measured parameters are called 

ellipsometric angles, ΨT[< and �T[<, which are related to the Fresnel coefficients of 

reflection for p and s polarized light, ~� and ~N  respectively, and hence to the optical 

properties of the material  

 

 r�Tω< � E�� T�<E�  T�< � ¡r�Tω<¡ ¢ exp viδ�Tω<{ (2-14) 

 

 ~NT[< � �§̈ T©<�§ªT©< � |~NT[<| ¢ exp Tj«NT[<< (2-15) 

 

where �6T[< and �HT[< are reflected and incident electric field of light, respectively. 

 The fundamental equation of the ellipsometry, ¬T[<, connects ellipsometric 

angles 
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 ¬T[< � 6T©<6§T©< � tan �ΨT[<� ¢ :H°T©< (2-16) 

with 

 tan�ΨT[<� � ±6T²<6§T©<± (2-17) 

 �T[< � «�T[< % «NT[< (2-18) 

ΨT[< and �T[< can be converted to the other optical parameters using known 

relationships. Having an appropriate model and suitable functions of variables need to fit, 

one can then deduce optical properties of a thin film as well as film thickness and 

roughness. In our ellipsometry system, ellipsometric angles are converted into ³N �
sin 2Ψ ¢ sin Δ and ³G � sin 2Ψ ¢ cos Δ  functions, which are used in fitting process 

utilizing commercial software.  The best fitting, denoted by fitting goodness µ�, is 

achieved when the calculated data obtained from the model match the experimentally 

measured data, usually µ� 
 1.  Figure 2-2 shows a typical fitting (solid line) of the 

measured data (symbols),  Is and Ic, at 25 °C for one the samples studied in this work. The 

model used to fit the data is described in chapter four.  
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Figure 2-2. A typical measured (symbol) and fitted (solid line) data of Is (black) and 

Ic (red) at 25 °C for one of the VO2 samples studied in this work. 

 

2.2.4 SE Measurement 

 The ellipsometry spectroscopy was carried out between the photon energies of 

0.6 and 6.5 eV (wavelength 2100-190 nm) at 70° angle of incidence. Results were 

modeled using commercial software. 

2.3 Temperature-Dependent Measurement 

Samples were mounted to a heating stage and temperature was varied using a 

controlled Peltier heater and measured using a calibrated thermistor with values reported 

within ±0.5 °C. 

 



Texas Tech University, Mohammad Nazari, August 2013 
 

 39

CHAPTER THREE 

EFFECT OF FREE-CARRIER CONCENTRATION ON THE PHASE 

TRANSITION AND VIBRATIONAL PROPERTIES OF VO2 STUDIED BY 

RAMAN SPECTROSCOPY 

3.1 Abstract 

The effects of native defect doping concentration on the phase transition 

properties of vanadium dioxide thin films are investigated. The onset temperature of the 

metal-insulator transition is found to depend on the free-carrier concentration and to 

correlate with an abrupt change in the temperature dependence of the vibrational energies 

of the V—O related Raman band. A phase diagram is proposed identifying insulating, 

intermediate, and conducting regimes. The intermediate region is attributed to a mixed 

phase.  

3.2 Introduction 

Vanadium dioxide exhibits a reversible, first-order metal insulator phase 

transition (MIT) at temperature TMIT ~ 68 °C.93 The transformation is associated with a 

structural phase transition (SPT) from low-temperature monoclinic, in which the material 

may be characterized as either a narrow gap insulator or semiconductor, to high-

temperature tetragonal rutile, in which the material is metallic.94 Upon undergoing the 

MIT, the electrical conductivity (σ) of VO2 changes by as much as 4-5 orders of 

magnitude and the optical properties exhibit significant variations.93 Based on these 
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properties various electrical, thermal, and optical devices have been proposed based on 

VO2.
10,95-97  

 Several factors are known to affect the phase transition temperature. Despite 

extensive research, little work has been devoted to the effects of native defect-related 

doping on the properties of VO2.
98 This chapter describes electrical and Raman studies of 

VO2 deposited on silicon substrates at different growth temperatures, TS.  Different 

growth conditions result in n- and p-type carries in different samples. The n- and p-type 

behaviors are attributed to O and V vacancies, respectively.98 It is found that variations in 

free-carrier concentration have a profound effect on the temperature at which the MIT 

begins, and on the vibrational properties. A phase diagram for doped VO2 based on the 

conductivity and Raman spectrum across the phase transition is proposed. 

3.3 Sample Growth and Properties 

 VO2 thin films of 150 nm thick were deposited by pulsed DC magnetron 

sputtering using 99.95% pure vanadium metal target on substrates of SiNx-buffered Si 

(100). The pressure was maintained at 3 mTorr with Ar+O2 gas mixture (11% O2 flow 

ratio), with TS varied from 550 to 650 °C (Table 3-1). In this TS range a single monoclinic 

(M1) phase of VO2 is expected,99 as confirmed by x-ray diffraction data obtained with the 

films at room temperature.85These measurements, previously published x-ray 

photoelectron spectroscopy,98 and the Raman data described below, show no evidence for 

the presence of other vanadium oxide phases. Since each vanadium atom provides one 

electron for the band structure in VO2, then vanadium vacancy is going to provide p-type 

behavior for the carriers. Likewise, oxygen vacancy results in n-type VO2. These are 

extensively discussed in Ref. [98]. 
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Table 3-1. Designation, growth temperatures, free-carrier concentrations and phase 

transition temperature for the VO2 films studied in this chapter. 

Sample TS (°C) Carrier density (×1018 cm-3) TMIT (°C) 
S1 550 no=2.5 77 
S2 575 no=3.56 73 
S3 600 po=11.3 69 
S4 625 po=30.8 68 
S5 650 po=184 60 

 
For electrical measurements, Ti (50 nm)/Au (120 nm) contact electrodes were 

deposited using e-beam evaporation technique and lift-off. Free-carrier concentrations 

were obtained at room temperature using Hall measurements, with results summarized in 

Table 3-1.  

3.4 Experimental Results and Discussion 

3.4.1 Conductivity  

Figure 3-1(a) shows representative dependences of σ as temperature is controlled 

across the phase transition. As expected, the room-temperature conductivity increases 

with greater doping. In each sample, the phase transition is observed along with the 

expected hysteresis upon cooling. As it is clear in Fig. 3-1(a) the electrical conductivity 

increases ~ 2.2 orders of magnitude in sample S1, but only ~ 1.6 orders of magnitude in 

sample S5. These are consistent with what has been reported for VO2 layers on SiO2/Si 

substrates, post-etched to different thickness.100 They attribute these variations to 

differences in stoichiometry. Changes in resistivity and the phase transition magnitude in 

VO2 deposited on SiNx/Si substrates have also been attributed to grain size.101 Smaller 

grains results in large number of grain boundaries as mentioned by Brassard et al. Defect 

levels introduced in the gap result in increasing conductivity of VO2 in semiconductor 
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phase. On the other hand in metallic phase, large boundary density decreases conductivity 

through scattering of electrons from boundaries.101 SEM images of the samples studied in 

this chapter show grain sizes are typically ~ 80 nm in diameter. This size is smaller than 

what has been reported in Ref. [101]. It is feasible that in the case of materials studied here 

the transition amplitude is affected by both grain size and oxygen deficiency related to 

doping. 

With increasing temperature the expected exponential rise in σ is observed. As 

the phase transition is approached, a noticeable deviation from this dependence occurs at 

temperature Tonset, which is attribute to the onset of the MIT proposed in this work. The 

standard way for obtaining phase transition temperature, TMIT, is using the logarithmic 

derivative graph as shown in Fig. 3-1(b). The TMIT is the peak value in this graph. Carrier 

concentration increases continuously from sample S1 to sample S5, as listed in Table 3-1. 

Fig. 3-1(b) shows that the values of Tonset and TMIT systematically decrease with 

increasing carrier concentration. These dependences are discussed below and correlated 

with distinct changes in the vibrational properties.  
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Figure 3-1. (a) Conductivity versus temperature for representative samples. Arrows show 

heating and cooling cycles. (b) Logarithmic derivative of conductivity, a standard way to 

determine phase transition temperature, TMIT. 
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Figure 3-2. (a) Raman spectra for investigated VO2 samples at 21 °C. (b) Effect of the 

heating on Raman spectrum for sample S5 in heating cycle. The band present in spectra 

at 520 cm-1 is from the Si substrate and drops by ~ 1 order between ambient and TMIT. 
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Figure 3-3. (a) Dependence of 224 cm-1 Raman band on temperature and (b) Dependence 

for 614 cm-1 band in heating cycle. The feature at 520 cm-1 is from the Si substrate. 

Intensities have been rescaled. The Si peak drops by ~ 1 order between ambient and TMIT. 
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3.4.2 Raman  

Figure 3-2 (a) shows Raman spectra of the S1-S5 at room temperature. In 

agreement with previous reports,102 room-temperature Raman spectra of the these 

samples are found at frequencies (ω) 194, 224, 263, 309, 338, 391, 441, 497, and 614 cm-

1, with weak shoulders at 586 and 661 cm-1. In agreement with previous reports, the 

Raman intensities, as shown in Fig. 3-2(b) for sample S5 (the most heavily doped 

sample) in heating cycle, diminish as the phase transition is approached. The 

disappearance of the Raman spectrum has been used to estimate TMIT in undoped VO2.
103 

A good agreement is found between the temperature at which the Raman features become 

too weak to observe and TMIT obtained from the conductivity in Fig. 3-1(b). The 

behaviors of lines at 224 and 614 cm-1, is discussed in the following paragraphs. These 

vibrations are related to V—V and V—O vibrations, respectively.104 The band at 224 cm-

1 has temperature dependence described below, which is representative of the observed 

vibrations with the exception of the 614 cm-1 band. The latter exhibits an unexpected blue 

shift as the onset temperature is reached. 

 Figure 3-3 summarizes changes in peak position of V—V and V—O modes, 

relative to the ambient temperature value, versus temperature for samples with different 

free-carrier concentrations. The 224 cm-1 band shows a steady red shift as temperature 

increases in Fig. 3-3(a). The red shift is expected due to lattice expansion and thermally 

enhanced phonon decay. The dependence in Fig. 3-3(b), for the 614 cm-1 V—O band, is 

very different. For S1 a red shift is seen between ambient temperature and ~ 50 °C, above 

which a steady blue shift emerges. A similar overall dependence is seen in each sample, 

with initial blue shift temperature decreasing depending on doping. By comparing this 
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observation with the conductivity data in Fig. 3-1, the onset of the blue shift appears to be 

associated with Tonset at which the electrical conductivity begins to rise faster than the 

exponential dependence. This correlation confirms a gradual phase transformation in the 

heavily p-type VO2 and suggests that the blue shift is related to the rising carrier 

concentration.  

 For VO2 with low doping concentration a simple phase diagram is expected, in 

which the material is a narrow-gap insulator below TMIT and conductor above this 

temperature. The conductivity and Raman data presented in this chapter suggest a more 

complicated scenario in doped VO2. Figure 3-4 illustrates Tonset and TMIT values as 

functions of conductivity for each sample. Both temperatures show a systematic variation 

with free-carrier concentration. Also included in Fig. 3-4 are the temperatures at which 

the 614-cm-1 Raman band begins to blue shift, and the temperature at which the Raman 

lines are no longer seen. A good correlation between these temperatures from the 

conductivity and Raman data is found and insulating, intermediate, and conducting 

regions is designated in the phase diagram. 

The rising conductivity between Tonset and TMIT is attributed to the onset of the 

Mott transition in domains of the material, and the co-existence of a mixed insulating and 

metallic phase, as has been previously reported for nominally undoped VO2.
12, 13 The 

conductivity of such a mixed system may be modeled using an effective medium 

approximation and the values below (σi) and above (σm) the phase transition according 

to105 
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where f and (1-f) are the volume fractions of metallic and insulating materials, 

respectively. The factor a is related to the depolarizability q according to a = (1-q)/q. A 

value of a = 1.5, in agreement with Qazilbash, et al.
106  is used. Thus at each temperature 

f can be estimated using measured σ values. Figure 3-5 shows metallic volume fraction as 

a function of temperature for S1-S5. At TMIT volume fractions f ranging from 41 to 44 % 

for the set of samples investigated here is found. These values represent the percolation 

threshold in these films, and are in the expected range. Despite that over half of the 

material is still in the insulating phase, Raman intensity is negligible. This may be 

explained by the optical screening of the excitation by the metallic component, which is 

expected to have a shallow skin depth. In addition, any Raman scatter generated within 

the insulating component will likewise be screened by the metallic material as it travels 

toward the surface. These factors, along with the reduced 1-f, result in negligible Raman 

intensity.  

The decreasing trend seen for Tonset in our samples is attributed to the high p-type 

concentrations in S3, S4, and S5. One possible reason for this reduction is the presence of 

native doping defects, which may locally nucleate the phase transformation. Strain is an 

alternative explanation, since it has been shown to reduce TMIT.107 However, the 

diminishing trend observed here does not correlate with the lattice strain values obtained 

from x-ray data at room temperature, and thermal mismatch strain due to the silicon 

substrates is expected to be the same for all samples. Since the Raman mode at 614 cm-1 

rapidly blue shifts across the intermediate region, it is reasonable to link this with 

inhomogeneous strain in the layers as domains transform. 
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Raman stress factor, Z� of VO2 for the V—O vibration is estimated to be 

~3.3 GM·�
¸¹F  using data in Ref. [19]. The lattice constant of VO2 increases by ~1% along CR 

direction when metallic phase approached.70  The transformed metallic materials then can 

exert compressive strain, ε, on the ��� direction (corresponding to CR direction) of 

untransformed M1 phase. Since Young’s modulus, �, of VO2 on silicon substrate and 

Poisson ration, º, are 140-170 GPa72 and 0.3 respectively, a blue shift of ∆[ � _E��¼ � �
7 % 9 @�-8 can be estimated. Moreover, this stress related blue shift is expected to 

influence all vibrations rather than only the 614 cm-1 mode.  

  

Figure 3-4. Phase diagram of VO2 based on conductivity and Raman measurements. 

Dashed lines follow individual samples. Solid illustrate trends for Tonset and TMIT from σ. 

Insulating, mixed, and conducting regimes are denoted. 
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Figure 3-5. Metallic volume fraction, f, estimated from equation 3-2 using conductivity 

values at different temperatures for the films studied here. 

A hole-driven insulator-metal transition has been proposed to interpret current-

voltage-temperature studies of VO2 and the effects of applied electric field and infrared 

co-illumination.108,109 Excess holes are expected to be localized by the cations 110 and 

screen the corresponding on-site coulomb interactions. Assuming this screening affects 

the on-site interactions without appreciably influencing the hopping term in the Hubbard 

Hamiltonian, it will produce a reduction in TMIT, as reported here. 

 For the inhomogeneous mixed phase between Tonset and TMIT, itinerant electrons 

from the 3d orbitals in the transformed regions will diffuse into the untransformed 

material to equilibrate their Fermi levels and mitigate a cascade in the phase transition 
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above Tonset. Results reported in this chapter suggest the redistribution influences the 

electro-optic interaction of the V—O vibration at 614 cm-1, producing the association in 

Fig. 3-4 between Tonset from conductivity and Raman data. Electrons migrating to the 

untransformed p-type material are expected to occupy the V 3d|| states near the valence 

band edge.110 However, concomitant shift in the V—V vibrations in Fig. 3-3(a) is not 

observed. Apparently, the electron redistribution affects the oxygen sub-lattice ionicity 

more than that of the vanadium, thereby enhancing the electro-optic interaction of the 

V—O vibration without substantially affecting the V—V modes.   

3.5 Conclusion 

In conclusion, correlations in Raman and conductivity data at both Tonset and TMIT 

in native-doped VO2 films with varying carrier concentrations has been observed. For 

VO2 with low carrier densities, the differences between Tonset and TMIT are small. For 

heavily p-type VO2, these temperatures systematically decrease and the differences 

between them grow. Based on the results presented in this chapter a phase diagram for 

doped VO2 has been developed, with a pronounced intermediate region between the 

insulating and conducting phases. The intermediate region is considered to be a mixture 

of metallic and insulating domains. The phase diagram is reminiscent of that reported in 

chromium doped VO2 at low Cr concentration.94 Elevated hole concentrations may be 

used to reduce the onset temperature of the insulator-metal transition and broaden the 

intermediate region. The phonon blue shift observed as the material passes through the 

mixed phase is attributed to electron migration from the transformed regions to the 

insulating regions.  
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CHAPTER FOUR 

TEMPERATURE DEPENDENCE OF THE OPTICAL PROPERTIES OF VO2 

DEPOSITED ON SAPPHIRE WITH DIFFERENT ORIENTATIONS, STUDIED BY 

SPECTROSCOPIC ELLIPSOMETRY AND RAMAN SPECTROSCOPY 

4.1 Abstract 

Spectroscopic ellipsometry studies are reported for vanadium dioxide grown on c, 

m, and r-plane sapphire substrates. The crystallographic orientation of the VO2 

depends strongly on the substrate, producing diverse strains in the layers which affect 

the interband transition energies and the phase transition temperatures. For the m and 

r-plane substrates, the VO2 appears to transform abruptly from the monoclinic phase 

to the rutile R structure as temperature is increased. In contrast, VO2 deposited on c-

plane sapphire exhibits a sluggish transformation. These structural differences 

correlate with distinct variations of the optical transitions observed in the ellipsometry 

results. For the m-plane sample, the energy gap collapses over a narrow temperature 

range. For the c-plane case, a broad temperature range is obtained between the onset 

and completion of the transformation. Raman studies of the vibrational structure show 

that internal stresses due to expansion and contraction across the phase transitions 

impacts the observed phonon energies. 

4.2 Introduction 

Vanadium dioxide is receiving significant attention due to the well-known metal-

insulator phase transition (MIT) at temperature TMIT = 68 °C.4 The transformation is 
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accompanied by a structural phase transition (SPT) from low-temperature monoclinic 

(M1) symmetry, in which the material is characterized as a narrow gap insulator, to high-

temperature tetragonal rutile (R), in which the material is metallic.52,53 The V—V chains, 

which lie along the am axis in the M1 phase (and corresponding CR axis in the R phase), 

form a zig-zag chain at low T. At high T the V—V pairs straighten and shift to form a 

linear chain along CR comprised of equidistant V4+ ions.  

Several factors are known to affect TMIT of VO2 including nanocrystal domain 

size111,112 and stress.26 Recent investigations of the effect of stress on VO2 has resulted in 

new understanding of the material phase diagram.41,42,65,70,113,114 Stress along the M1 (011) 

crystal axis, corresponding to (110)R,40 has been shown to induce a phase transition from 

the M1 phase to M2, in which alternating V chains pair without twisting, while the others 

twist without pairing.115,116 Gu et al.
41 showed that the M2 phase is induced by a variety 

of stresses, and Tselev et al.
69 used the Landau-Ginzburg model for examining how stress 

affects the M1-M2-R phase diagram. Recent work on single crystal microbeams of VO2 

deposited on oxidized silicon and then transferred on flexible polycarbonate substrate has 

revealed the transformation from M1 to M2 may be gradual, resulting in an additional 

phase of VO2 with triclinic symmetry.42 The effect of substrate-induced strain has also 

been shown to influence TMIT in VO2 thin films.26,117 In this chapter the role of substrate-

induced strains, for situations both favoring and inhibiting the formation of M2 as TMIT is 

approached, has been investigated. Strain in these samples arises from lattice-constant 

mismatches with the substrate and thermal stresses due to the different expansion 

coefficients of VO2 and sapphire. 
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Despite its usefulness for examining the electronic band structure of states 

principally related to conduction, there are few spectroscopic ellipsometry (SE) studies of 

VO2 and the band structure of this material is not fully established.52,55,118-120 The low 

symmetry of VO2 makes SE measurements challenging to model and interpret. 

Generally, this is less of an issue in thin films since they are composed of domains having 

a distribution of orientations. SE studies of VO2 deposited on sapphire having different 

crystal orientations, denoted c, m, and r plane (herein samples c, m, and r) has been 

reported in his chapter. Under identical deposition conditions, described in the following 

section and published along with extensive characterization,121 the sapphire influences 

the VO2 orientation. For deposition on c-plane sapphire, the VO2 is oriented with the V—

V chains of the R phase in the plane of the sapphire. In contrast, the m and r samples 

have CR axis directed out of (but not normal to) the sapphire substrate plane. This set of 

samples corresponds to thin films for which we anticipate compressive strain along the 

CR axis in m and r, and tensile strain along CR in sample c. 

The values obtained for TMIT based on our ellipsometry measurements, described 

below, are 72±2, 63±2, and 62±2 °C for the c, m, and r samples, respectively. These TMIT 

values agree with our prior resistivity (ρ) measurements121 and are all noticeably different 

from the accepted TMIT for bulk VO2. Our results thus corroborate the presence of tensile 

CR strain in sample c, and compressive strain in both m and r.26  

The average thermal expansion coefficient of VO2 in metallic and insulating 

phase is 13.3 and 5.7 10-6 °C-1 respectively.122 This is 4.3 and 5.4 10-6 °C-1 in sapphire for 

crystal directions ½ @ and 7 @, respectively. The values of thermal expansion for VO2 are 

greater than sapphire and therefore upon cooling after the growth of the samples, 
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differences in the thermal expansion coefficients of sapphire and VO2 will produce 

tensile strain in the growth plane. Since CR is in the growth plane in sample c, tensile 

strain along CR is introduced upon cooling in this sample and thereby raising TMIT. Upon 

cooling the m and r samples, the substrate will again induce tensile stress in the VO2 

plane of the growth, for which the crystal orientation results in compressive strain in the 

CR direction thereby reducing TMIT. From Ref. [26] the slope of 
∆DE∆�¾¿À  f 10-Á QM°D  is 

estimated for the TMIT –CR graph. The difference between TMIT of samples studied here 

and that of bulk VO2 is 4 °C. Having CR=0.286 nm for unstrained VO2,
26 the strain 

magnitude of  �DE Â ∆DEDE  % � T4 °�< 4 v10-Á QM°D { 4 T 8^.�ÄÅ  k�-8<T100< f 0.14 % at 

room temperature is estimated. This is in the same range with the estimation based on the 

difference between thermal expansion coefficient of VO2
122 and sapphire, �DE �

T�575 % 77� °�< 4 T�13.4 % 5.7� 4 10-Å °C-8< f 0.4%.  

The SE results show the energy gap (Eg) of VO2 to decrease rapidly with heating 

beginning at temperatures below Tonset (< TMIT), the temperature at which ρ decreases 

faster than the exponential drop characteristic of the low-T range.75 The results show that 

the band gap collapses at T < TMIT, followed by the expected increase in carrier 

concentration as seen from the plasma frequency (ωP) dependence. The range between 

Tonset and TMIT is pronounced for sample c. In sample c, Tonset is attributed to the 

temperature at which the M2 phase of VO2 begins to form. For the samples reported in 

this chapter, Raman measurements exhibit diverse temperature dependence for V—O 

related vibrations. This behavior is attribute to internal stresses in the residual M1 

material as surrounding VO2 is converted to M2 or R phase, for the different samples.  
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4.3 Experimental Details 

4.3.1 Sample Growth  

120 nm thick VO2 thin films were epitaxially deposited on c-cut (0001), m-cut 

(101Æ0) and r-cut (11Æ02) sapphire substrates by pulsed reactive DC magnetron sputtering 

under identical growth conditions. A high purity vanadium metal target (99.95%) was 

sputtered in an Ar and O2 gas mixture with fixed electric power. The O2/Ar flow ratio, the 

substrate temperature, and the ambient pressure were carefully adjusted to yield pure 

phase VO2. For all three samples, the O2/Ar flow rate was maintained at 11% with the 

mixture pressure of 3 mTorr, and the substrate temperature was stabilized at 575 °C. 

Details of growth along with characterization other than reported here can be found in 

Ref. [121].  

4.3.2 Spectroscopic Ellipsometry Analysis 

To extract optical constants, film thickness and film roughness the measured SE 

data, raw data, need to be fitted. Fitting process starts with building a model. The model 

for thick layers like the samples were studied here must have three layers as illustrated in 

Fig. 4-1. In this work, a three-simple-layer model is used to model the measured 

dielectric function of VO2 materials. The underling layer is the layer that models 

substrate.  

The first layer, layer-1, models sapphire substrate and utilizes measurements 

obtained directly from identical bare substrates oriented in-plane the same as during the 

VO2 SE measurements. The second layer is the ~ 120 nm thick VO2. The third layer 

describes the rough (~ 7 nm thick) VO2 surface and is modeled using an effective 

medium approximation consisting of voids intermixed with VO2.  



Texas Tech University, Mohammad Nazari, August 2013 
 

 57

The last step in analyzing SE data is allocating an appropriate dielectric function 

for the VO2 layers with the same parameters, layers 2 and 3. Before choosing the right 

function, many dielectric functions from library of the fitting software were examined. 

These functions were Lorentzian classical oscillators, new Amorphous, Forouhi, new 

Forouhi and Tauc-Lorentz (TL).  In particular, Lorentzian classical oscillator with 

different number of oscillators was examined thoroughly. However, these attempts 

resulted in unsatisfactory fit parameters to SE data except  the TL approach as examined 

in Ref. [55]. 

 

 

 

 

 

 

Figure 4-1. The three-layer model used in this work. Layer-1 represents substrate and 

layer-2 and layer-3 model VO2, with layer-3 taking into account the surface roughness. 

Equation 4-1 describes frequency (ω) dependence of the complex dielectric 

function of VO2 layer with TL function describing optical energy gap and interband 

transitions  

 �T[< � �© W ∑ ��Ç,�T[< W �ÈT[<�  (4-1) 

where  is the high-frequency dielectric constant. ��Ç,�T[< is the Tauc-Lorentz function 

and is described in detail in Ref. [123]. The imaginary part of the Tauc-Lorentz dielectric 

function in equation (4-1) is  

ε∞

Layer-3, ~7 nm, rough VO2 

Layer-2, 120 nm VO2 

Layer-1, Substrate (Sapphire) 
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 ��ÇHMT[< � É 8̀© . ÊË¢�Ì,Ë¢DË¢Í`©-�ÎÏ&
ÐvT`©<&-�Ì,Ë& {Ñ&VDË&¢T`©<&                                         0                             � Ò �*

� �  �* (4-2a) 

and the real part is obtained from the Cauchy integral 

 ��Ç6IT[< � �; ¢ Ó Ô Õ¢ÖÀ×ªØTÕ<Õ&-T`©<& +ÙÚ�Î  (4-2b) 

The amplitude is Aj, transition energy E0,j, and broadening parameter Cj.
123 The imaginary 

part of ��Ç,�T[< is non-zero in the range where the material absorbs light, `[  Eg, 

which generally accounts for band-tail states to define the lowest optical transition. One 

possible interpretation of the band tail is indirect transitions, as described in Ref. [60] and 

discussed below. Four TL functions has been used to properly fit the raw data of SE as 

discussed in section 4-4. 

 �ÈT[< is the Drude dielectric function 

 �ÈT[< � ©Û&-©&VHГÝ© (4-3) 

with parameters plasma frequency ωp and broadening factor ΓD. This term takes into 

account the presence of free carriers arising from unintentional doping (T < TMIT)85 and 

due to the metallic phase (T > TMIT). As expected, the Drude contribution is small below 

Tonset and grows as the VO2 becomes metallic above TMIT.  

4.4  Eg and E0,j Transitions Below and Above the Phase Transition  

Figure 4-2 (a) and (b) show frequenct-dependent 
 �8  and 
 �� , the pseudo-

dielectric function (a common termmonology in spectroscopic ellipsometry for dielectric 

function evaluated from data fitting) of VO2, for sample c at temperatures below Tonset, in 

the intermediate range, and above TMIT. The corresponding results for samples m and r 

are shown in Fig. 4-2(c,d) and (e,f), respectively. Figure 4-3 shows the real and 
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imaginary part of refractive index, kT[< and ZT[<, for sample c(a,b), m(c,d), and r(e,f) 

for the same set of temperature. The spectra of sample c are similar to what has been 

previously reported.118,124 Below (above) the narrow temperature range shown, the 

spectra are consistent with those illustrated here for the M1 (R) phase of VO2. The 

imaginary part of dielectric function and refractive index, 
 ��  and kT[<,  in each 

sample increases dramatically at energies below ~ 1.5 eV when each sample reaches TMIT 

signaling transition to the metallic R phase. Shown in lower panels in figures 4-2 and 4-3 

are the transition energies E0,j of the TL oscillators for the low-T M1 phase (solid lines) 

and in the R phase above the phase transition (dashed lines). In the following, these 

transitions are denoted by unprimed (M1) and primed (R) integers.  
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Figure 4-2. Real (top panels) and imaginary (bottom panels) part of pseudo-dielectric 

function of VO2 at selected temperatures for sample c (a,b), m (c,d), and r (e,f). Solid and 

dashed lines in 
 ��  panel represent optical transitions in insulating and metallic 

phases of VO2, respectively. 
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Figure 4-3. Real (top panels) and imaginary (bottom panels) part of refractive index of 

VO2 at selected temperatures for sample c (a, b), m (c, d), and r (e, f). Solid and dashed 

lines in k panel represent optical transitions in insulating and metallic phases of VO2, 

respectively. 
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Figure 4-4 summarizes the experimental results for Eg and `[¹ as a function of 

temperature for each sample. Figure 4-5 shows the temperature dependence of the E0,j 

values for three transitions for each sample. This transitions lie in the experimental region 

of photon energy. A fourth broad TL band near 8 eV is required to adequately fit SE data for all 

samples, both below and above the phase transition. Since this peak is out of experimental 

limit, it is not included in the analysis of SE data. At room-temperature SE measurements 

result in Eg values of 0.55, 0.44, and 0.44 eV for samples c, m, and r, respectively. These 

values are lower than the commonly accepted Eg of 0.6 eV, but fall within the 0.3 to 0.6 

eV range of results reported in the literature for bulk samples and material deposited on 

c-sapphire.52,53,58,59 Liu et al. have calculated the electronic band structure of VO2 in the 

M1 phase.60 They point out that the energy gap may be indirect, arising from transitions 

between valence states near the B point in the Brillouin zone to conduction levels near 

the D-symmetry point. Calculated band structure reported by Eyert61 also indicate that the 

energy gap is indirect.  



Texas Tech University, Mohammad Nazari, August 2013 
 

 63

 

Figure 4-4. Energy gap (black) and Drude energy (red) as a function of temperature for 

sample c (a), m (b), and r (c) in heating cycle. Vertical dashed lines in each panel 

represent Tonset and TMIT. 
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Figure 4-5. Temperature-dependent optical transitions in semiconductor phase (1, 2 and 

3), intermediate and metallic phase (1’, 2’ and 3’) of VO2 samples c (a), m (b), and r (c) 

obtained from SE measurement in heating cycle. Vertical dashed lines in each panel 

indicate Tonset and TMIT. 
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Although the calculated Eg values60,61 differ substantially from each other and 

with the values reported in this work, the possibility that the TL gap from current SE 

studies may correspond to the weak absorption by indirect transitions is supported by the 

effect of stress. The variations observed in the room-temperature values obtained for Eg 

in the samples studied in this work is correlated with the effects of substrate-induced 

strain characterized along the V—V chains in the metallic rutile phase of VO2. As 

discussed above, the CR axis in sample c is under tensile strain, while the CR-axis lattice 

constant is compressively strained for samples m and r. These strains are expected to give 

rise to blue (tensile) and red (compressive) shifts of the observed optical energy gaps,59 

consistent with the observations reported in this work for Eg. Since indirect energy gaps 

generally red shift with hydrostatic compression, our results support the interpretation 

that VO2 is an indirect gap material in the M1 phase.  

Published spectra related to the dielectric function of VO2 (e.g., Þ��, index of 

refraction, and optical conductivity) show overall qualitative agreement, although there 

remain inconsistencies in the optical transition energies. At room temperature, the 

transition energies E0,j are obtained at ~ 0.7, 1.1, and 3.5 eV for sample c. These are to be 

compared with transitions reported at 1.4 and 3.2 eV [55] and 1.4 and 3.5 [120] based on 

spectroscopic ellipsometry. The weak transition reported at 2.5 eV in [55] are not 

observed in this work. As many as five to six features are seen in the optical conductivity 

of VO2/TiO2 in Ref. [119]. It is possible that these discrepancies in the literature and with 

the data reported here are related to the VO2 growth conditions. However, direct 

comparison of samples grown under a variety of conditions is needed to understand these 

discrepancies, and the influence of substrate is critical as described here for identical VO2 
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preparation on the same substrate material. In samples m and r, transitions 1 and 2 are 

shifted by +0.2 eV in comparison to those of sample c. These shifts are attributable to 

strains. Compression results in a blue shift (m and r), while tension produces a red shift 

(c), as is generally the case for direct transitions in semiconductors. Temperature 

dependences of the E0,j transitions for each sample are summarized in Fig. 4-5. 

Transitions are labeled 1 (1’), 2 (2’), and 3 (3’), respectively, below (above) TMIT.  

Energy levels in VO2 are commonly interpreted based on the V4+ ion 3d orbitals 

as pointed out in chapter one.39 In the M1 phase, the bonding +7 levels comprise the 

valence band maxima. These levels are predominantly filled for n-type or intrinsic VO2. 

Above these states lie the π* and antibonding +7 (denoted +74) conduction levels of the 3d 

electrons. The model is illustrated in Fig. 4-6 at temperatures below Tonset (a), T ~ Tonset 

(b), and above TMIT (c). Features 1 and 2 from the ellipsometry measurements are 

assigned to transitions between the filled +7 valence levels and empty conduction d states. 

Feature 3 may be attributed to transitions between the deeper O�� levels and the empty 

π* bands. In Fig. 4-6(a) the corresponding band structure for VO2 well below the phase 

transition is depicted. Since the electronic states in the VO2 crystal will form bands, it is 

appropriate to compare SE measurements with the results of band structure calculations 

reported for the monoclinic crystal structure.37,59-61 Eyert reported density of states (DOS) 

originating from the O2p and 3d electrons of VO2 based on density functional theory 

(DFT).37,61 The high DOS +7 à 94, +7 à +74, and O�� à 94 transitions have energies ~ 

0.8, 1.5, and 3.6 eV, respectively, in good agreement with the transition energy values for 

oscillators 1, 2, and 3. Similarly, Lazarovits et al.
59 carried out local density 

approximation (LDA) calculations.  
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Based on their spectroscopically resolved DOS results, the +7 à 94 transition, 

with high DOS, is estimated to have ~ 1 eV, while for +7 à +74 is estimated to have ~ 1.5 

eV. These are likewise in good agreement with transitions 1 and 2 reported in this 

chapter. Liu et al. report band structures without specifically identifying the parent d-

electron orbitals. From their results, based on DFT, direct transitions at energies ~ 0.9 and 

1.1 eV are seen. These transitions are originating from the Γ point in the Brillouin zone of 

M1 phase VO2, although it is possible that direct transitions at the B-symmetry point 

contribute near 0.9 eV.60 Again, these energies are in reasonable agreement with 

transitions 1 and 2. The band structure has multiple bands corresponding to transition 3; 

therefore, it is impossible to assign specific symmetry for this transition. 

 

 

Figure 4-6. Band diagram of VO2 for (a) T < Tonset in insulating phase, (b) intermediated 

phase at T ~ Tonset and (c) metallic phase at T > TMIT. 
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Three bands are observed in at T > TMIT range. These transitions are consistently 

in the 1.3 eV (1’), 2.8-3.1 eV (2’), and 3.3-3.6 eV (3’) ranges. It is plausible that 

variations in these E0,j values originate from different strains present in the VO2 above 

TMIT. Figure 4-6(c) shows the energy level diagram for the 3d and á�� electrons in the 

metallic rutile phase.39 Oscillator 1’ may arise from transitions between the +7 levels just 

below the Fermi level (EF) to π* states. Comparing this with the calculated band 

structure,37 a good association with the high DOS feature at ~ 1.4 eV is found. The 2’ and 

3’ bands may be attributed to transitions from the filled á�¹  orbital to the partially filled 

+7 and π*, respectively.55 From Ref. [61], high DOS transitions from the á�� to the EF at 

3.0 eV can be seen, as well as á�� to multiple high DOS states, with the highest at energy 

~ 3.8 eV. Oscillators 1’, 2’, and 3’ correspond to direct transitions between the valence 

band near EF to conduction states near the respective M-, Γ-, and R-points of the Brillouin 

zone.37 

Upon reaching the metallic phase, the plasma frequency abruptly increases. 

Plasma energy `[¹  shown in Fig. 4-4, begins to rise at temperature Tonset, and continues 

to rise before leveling off above TMIT. Vertical dashed lines in each panel of Fig. 4-4 and 

4-5 indicate Tonset and TMIT. In all samples, plasma energy reaches ~ 4.0 eV in the metallic 

phase. The broadening factor changes slightly from the room-temperature value of 0.85 

eV to 0.73 eV above the phase transition temperature, in agreement with what has been 

reported for VO2 deposited on c-sapphire.52 Cooling reverses the trend with the expected 

hysteresis seen in other measurements. Values of TMIT based on plasma frequency graph, 

âOP*©Û â� T°�-8< versus temperature, are obtained 72 ± 2, 63 ± 2, and 62 ± 2 °C, for 

samples c, m, and r, respectively.  
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4.5 Temperature Dependence Across the Phase Transition 

The temperature dependence of Eg is summarized in Fig. 4-4 for all three samples. 

A weak overall red shift is observed until near Tonset, where a systematic decrease in Eg is 

seen. At TMIT the value of Eg increases abruptly to ~ 1.1 eV in each sample (not shown), 

although this no longer corresponds to the energy gap in the metallic state. The 

temperature at which this jump takes place correlates with TMIT based on the ωP 

dependence and resistivity measurements.121 These changes in the optical properties near 

Tonset and TMIT are also observed in the other bands obtained from our SE measurements, 

as seen in Fig. 4-5.  

For each sample, Tonset agrees with the temperature at which resistivity begins to 

drop more rapidly than the characteristic exponential behavior seen below the phase 

transition.121 For sample m shows a temperature range below TMIT over which Eg ~ 0 eV. 

This dependence shows that the collapse of the energy gap is gradual and that Eg is close 

to zero before the MIT. The energy gap also drops at Tonset for sample r, but because the 

transition is more abrupt the material becomes metallic without Eg reaching zero. This 

situation, for T just below the onset temperature, is illustrated in Fig. 4-6(b) for samples 

m and r. With Eg near kBT, electrons are activated into the conduction band, naturally 

giving rise to the observed increase in [¹ below TMIT. 

The temperature dependence of Eg for sample c is more complex, dropping 

abruptly at Tonset to approximately 0.2 eV, followed by a gradual decrease. However, Eg 

does not appear to reach zero even very close to TMIT. Although the strain is not solely 

along the (110)R direction in this sample, we expect a component parallel to this axis. 

This situation is analogous to the strain for nanostripes affixed to SiO2 substrates.70 This 
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strain favors formation of the M2 and M3 phases VO2. SE results show this material to 

have a narrow-gap in this temperature range.  

The strain-temperature phase diagram65 for VO2 under compressive (110)R strain 

(m and r) shows that the transition from M1 to R begins when the material reaches Tonset. 

This transition is made gradual by the transformation of VO2 domains, which have a size 

distribution. During this stage of the transition a mixture of M1 and R phases is expected, 

for which a gradual decrease in Eg is seen. TMIT is often related to the percolation 

threshold of the R phase75 where we observe the rise in ωP. In the presence of tensile 

stress (sample c), the diagram is complicated by the presence of M2 and M3 phases 

VO2.
41,42 Two ranges are identified showing mixed phases. The first, beginning at Tonset, 

is the M1-M3 or M1-M2 transitions and corresponds to the range where Eg drops to ~0.2 

eV in Fig. 4-4. The second mixed-phase range occurs at the boundary between M3 and 

M2, and R phases, across which Eg ~ 0, ωP rises, and the percolation threshold is passed 

near TMIT. From SE measurements, transitions at ~ 0.9, 2.6, and 3.4 eV are identified in 

this range. The calculated band structure61 for M2 phase VO2 has numerous possible 

direct transitions which may match these values.  

An alternative interpretation to the phase transformation properties obtained for 

sample c is the presence of a mixed phase consisting of M1 and R in the intermediate 

temperature range between Tonset and TMIT. This possibility has been suggested by several 

authors to describe sluggishness in the transition, particularly for thin films.35,56,125,126 The 

Raman results, described next, do provide definitive evidence for the presence of M3 

phase VO2 through specific phonons. However, the SE results do not exhibit any 
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evidence for a superposition of phases. This observation is consistent with the presence of 

primarily one phase in each temperature range.  

To examine the effect of these transformations on microstructure, Raman 

measurements as a function of temperature were conducted. Figure 4-7 shows Raman 

spectra at various temperatures for each sample, with particular attention to temperatures 

near the phase transition. Features measured in the Raman spectrum of M1 phase VO2 

agree with previously published work.46,66 At room temperature, phonon energies for 

VO2 depend on substrate orientation, as can be seen in Fig. 4-8. These differences are 

most pronounced for the V—O band near 615 cm-1, with phonon energy ascending in 

order m→r→c. The blue shift is attributable to the tensile stress parallel to the sapphire 

substrate plane, which produces compressive strain in the growth direction. This same 

ordering for the vibration near 262 cm-1 suggests a phenomenological association 

between this feature and the 615 cm-1 V—O vibration. In contrast, strain has a weaker 

effect on the other Raman bands which exhibit a different ordering at room temperature. 

This is most notable in the band at 309 cm-1, with energy in ascending order c→r→m. 

The observed ordering of the 309 cm-1 band can be attributed to the different strains in 

the samples. The tensile strain along the CR direction in sample c will cause the V—V 

vibrations to red shift, as seen in Fig. 4-8 from comparison of the 309 cm-1 band for the 

three samples at room temperature.  
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Figure 4-7. Raman spectra of sample (a) c, (b) m, and (c) r at low temperature and near 

Tonset. 
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Figure 4-8. Phonon energy as a function of temperature for peaks at (a) 195 and 225 cm-1, 

(b) 263 and 309 cm-1 and (c) 615 cm-1. 
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With increasing temperature, the intensity of the Raman spectrum decreases until 

near Tonset, above which the intensity becomes too weak to detect, as seen in Fig. 4-7. The 

temperature dependences of these phonons also differ substantially, as shown in Fig. 4-8. 

Each band, including those at ~ 195, 224, and 309 cm-1, gradually red shifts until 

becoming too weak to observe. In contrast, the lines near 262 and 615 cm-1 exhibit 

diverse behaviors as Tonset is approached. For sample c, which has the highest transition 

temperature, a gradual blue shift followed by a more rapid rise in energy above ~ 55 °C is 

observed. A gradual blue shift has been recently reported for this Raman band when 

tensile stress is applied along the CR direction as VO2 transforms from M1 to M2 or M3 at 

room temperature.42 However, they also observe the vibrations at ~ 195 and 224 cm-1 to 

blue shift, contrary to what is seen in Fig. 4-8(a). This discrepancy indicates that strain 

induced by mismatches in thermal expansion coefficients is not the sole factor in the 

temperature dependence of the vibrational structure. For sample m the 262 and 615 cm-1 

V—O vibrations gradually red shift and then rapidly drop in energy beginning at ~ 55 °C. 

In sample r, with abrupt phase transition, these bands show weak temperature 

dependences with only a slight red shift just below Tonset.  

One plausible explanation for the observed dependences is the effect of internal 

stresses in the M1 phase VO2 during the phase transition. These are produced by the 

neighboring M2 (sample c) and R (m and r) material. In the case of sample c, the 

expansion by M2 material (~ 0.8 % along the CR axis)40 exerts a compressive stress on the 

untransformed regions of M1 phase VO2. This internal stress will increase with 

transformed volume fraction to steadily blue shift the V—O vibrations with increasing 

M2 volume fraction. Using the Young’s modulus of ~ 80 GPa for VO2
74 and pressure 
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dependence of the 615 cm-1 phonon,19 a blue shift of 4 to 6 cm-1 can be estimated, 

consistent with our observations. For the case where VO2 transforms directly from M1 

phase into R, the contraction along the CR axis is expected to red shift the V—O 

vibrations. This agrees with what is observed for sample m. Because the known pressure 

coefficients of the other vibrations (195 and 224 cm-1) are very weak, the impact of 

internal strains is not substantial. Furthermore, the stress induced by thermal expansion 

mismatch with the substrate is nearly one order of magnitude smaller than the internal 

stresses, and are not expected to play a large role in the observed trends in Fig. 4-8. 

Phonon energies of M1 phase at 195, 224, and 615 cm-1 are reported to blue shift 

gradually upon transferring into M3 phase.42 Besides blue shift in these lines, one line at 

around 550 cm-1 is introduced upon transformation form M1- into M3 phase. The 

important geature of the M1-M3 transformation in terms of Raman peak position is the 

continuity of the transition. On the other hand, V—V and V—O modes in M1 phase of 

VO2 blue shift ~ 5 and 40 cm-1 in M2 phase, respectively.42,68 The blue shift in M1-M2 

transition is not continuous like what happens in M1-M3 transition. Our Raman data for 

sample c, show gradual blue shift in V—O related mode and red shift in V—V modes. 

The intermediate region where we expect to have M1-M3 or M1-M2 transition 

happens at elevated temperatures. Due to temperature effect on Raman intensity, we do 

not expect to observe appearance of new peak at ~ 550 cm-1 in sample c. Besides, the 

competition between standard red shift of phonons due lattice expansion and thermally 

enhanced phonon decay, and small blue shift due to M1-M3 and/or M1-M2 transition of 

V—V related modes might lead to monotonous red shift in these lines, as seen in Fig. 4-

8. For V—O mode however, the blue shift due to appearance of M3 and/or M2 dominates 
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the phonon softening due to heat. Putting all together, we believe Raman data can be 

interpreted in favor of M1-M3 transition. 

4.6 Summary  

We describe diverse phase transformation properties, depending on the VO2 

orientation on c, m, and r-plane sapphire. The transformation temperatures, Tonset and 

TMIT, are related to substrate-induced strains along the CR crystal axis. We identify three 

primary, direct optical transitions in both the M1 and R phases. These are related to 

energy levels proposed by Goodenough39 and consistent with recent calculations of the 

band structure.37,59-61 For samples m and r, compressive strain along the CR axis reduces 

TMIT and results in transformation from M1 to R phase VO2. An abrupt transition is 

observed in sample r, while sample m exhibits a more gradual transformation. This may 

be attributed to the presence of grains having various sizes.111,112 For the latter, we 

observe a temperature range between Tonset and TMIT over which the energy gap collapses. 

Our results are consistent with an indirect energy gap for the M1 phase of VO2, as has 

been suggested based on band structure calculations.60 In sample c the range between 

Tonset and TMIT is large, consistent with the formation of an intermediate phase of VO2. In 

this case, the energy gap does not completely collapse, remaining in the 0.2 to 0.1 eV 

range across the phase transition. The effects of internal stresses within partially 

transformed VO2 are used to interpret the Raman measurements.  
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CHAPTER FIVE 

FINITE SIZE EFFECT ON THE PHASE TRANSITION OF VANADIUM 

DIOXIDE  

5.1 Abstract 

We studied VO2 films with different thickness and morphology, and applied 

Raman spectroscopy to determine characteristics temperatures in VO2. Various 

morphology in these films arises from poor wetability of VO2 in the deposition technique 

used, and ranges from disconnected island-like very thin film (nominal thickness of 40 

nm) to thick film (150 nm) where surface coverage is completed. We found that the phase 

transition temperature scales with inverse grains height, h, (equivalently film thickness). 

This is attributed to the finite size effect. The transformation onset and metal insulator 

transition temperatures are estimates based on the phonons. Island height, or layer 

thickness, h plays a critical role in the transformation. The transition temperature and 

width exhibit a 1/h dependence consistent with finite-size effects related to martensitic 

nucleation. The length scale at which finite size is no longer a factor is ~ 300 nm, which 

we associate with the electron correlation length just below the phase transition. 

5.2 Introduction 

Vanadium dioxide is receiving significant attention due to the well-known 

reversible metal insulator phase transition (MIT). In bulk material the crystal structure 

transforms from monoclinic M1 to rutile R at TMIT ~ 68 °C.4 The transformation results in 

significant changes in both electrical and optical properties of the material. Several 

factors influence TMIT of VO2 including doping,19,75,127 strain,40,41 substrate,26,117,128 
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stoichiometry,71 and finite size through film thickness and the presence of grains.111,112,129 

Tensile strain along the rutile CR produces a phase diagram in which intermediate M2 

phase of VO2 is produced,41,42,65,115 while zero or compressive strain along this axis 

allows direct M1→R structural transformation. In both situations the transition 

temperatures are functions of stress.  

A recent Raman investigation of VO2 thin films under controlled stress reveals a 

continuous trend in phonon energies, corresponding to a gradual phase transition.42 In this 

scenario, alignment of the V—V chains occurs across a range of stress and temperature 

conditions rather than the abrupt transition seen in bulk crystals. The results are 

interpreted as formation of the triclinic T crystal structure previously reported in doped 

VO2.
40 In contrast to the sharp M1-M2, the M1-T transition appears to be gradual and 

continuous.40,42 Examining factors affecting TMIT, and how different phonons and 

electronic band structure evolve as temperature is increased, provide insight into phase 

transition in this material.75,128 However, this has not been extensively exploited for 

nanoscale crystals of VO2. 

Although there is broad acceptance that TMIT depends on the film thickness in 

VO2, whether it increases or decreases with reduced crystal size remains 

controversial.111,129-132 Challa et al. studied finite size effects in first-order transitions 

driven by temperature. They showed that ����Tã< % ����T∞< å ã-æ, where L is the 

crystal size, N the nanoscale dimensionality, and ����T∞< the bulk phase transition 

temperature.130 This has been previously invoked to interpret thickness dependence of the 

phase transition temperature for continuous VO2 layers (t < 31 nm) on TiO2/sapphire 

substrates.129 Lateral sizes in the samples studied here are generally greater than the 
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vertical sizes, which nominally correspond to film thickness or island height (h) with N = 

1. 

Due to poor wettability of VO2, it is difficult to produce uniform and continuous 

layers for very thin films.112 Standard electrical resistivity measurements are not useful 

for determining TMIT in discontinuous films.112 Kim et al.
129 studied very thin (6-31 nm) 

continuous layers of VO2 deposited on TiO2/sapphire substrates, for which resistivity 

measurements were feasible. The phase transition temperature is found to increase upon 

decreasing the film thickness. However, their results extrapolate to the accepted ����T∞< 

~ 60 °C which is much lower than the accepted value of 68 ° C.4 The authors attribute 

these differences to substrate or buffer layer influences.129  

Raman scattering has been used to examine the temperature dependence of 

vibrational modes in VO2 thin films.66,133 We report Raman studies of discontinuous VO2 

thin films. Upon approaching the phase transition, the intensity decreases and finally 

disappears at TMIT. Although this disappearance is not as readily quantified as the change 

in resistivity, it may be used for estimating TMIT.  

 

Fig. 5-1. SEM images of the samples with (a) 40 nm, (b) 81 nm and (c) 150 nm of VO2 

thickness. 
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5.3 Results and Discussion 

VO2 films were deposited on c-plane sapphire substrates using pulsed DC reactive 

sputtering under identical growth conditions. A detailed description of the growth has 

been reported.121 By varying the growth time, films having different nominal thickness 

were obtained. Samples were deposited with nominal thickness 40, 80, and 150 nm 

(samples A, B, and C, respectively) based on in situ monitoring. Figure 5-1 shows post-

growth scanning electron microscope (SEM) images. For sample A we observe islands 

which do not appear to form a continuous network due to poor wettability of VO2 on 

sapphire; islands range from 50 to 450 nm in lateral size with mean value ~ 200 nm. 

Increasing the deposition time grows these features vertically and laterally as seen in Fig. 

5-1(b). Longer growth time results in greater surface coverage and coalescence, as seen 

for sample C in Fig. 5-1(c). Atomic force microscope (AFM) analysis for samples A and 

B show a correlation between island width and height consistent with a ripening growth 

mechanism. Based on AFM the average island height, h, is determined to be 55 and 100 

nm for samples A and B, respectively. Sample C also exhibits thickness variation, from 

AFM we determine an average h ~ 175 nm from the sapphire surface. Because the VO2 

layer for sample C is continuous, we were able to determine TMIT ~ 72 °C using resistivity 

measurements. This TMIT agrees with previous results on similar samples.121,128 Room 

temperature x-ray diffraction shows that the M1 phase am axis, corresponding to the rutile 

CR crystal axis along which the V—V chains are oriented, primarily lies in the growth 

plane for these films.121,128 Standard electrical resistivity measurements were not useful 

for evaluating TMIT in samples A and B due to the island morphology. To investigate the 
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phase transformation in the discontinuous nano islands and evaluate TMIT, we conducted 

Raman measurements as a function of temperature. 

The Raman measurements were done in the backscattering geometry as 

mentioned in chapter 2. At room temperature the Raman bands of VO2 are found at 196, 

225, 263, 309, 340, and 618 cm-1 for sample C. These are in agreement with previously 

reported values for the M1 phase of VO2.
46,66 Figure 5-2 shows room-temperature spectra 

of three Raman bands near 195, 225, and 618 cm-1 for each sample, along with their 

dependence with increasing temperature. The low-energy peaks correspond to V—V 

vibrations and the high-energy mode is associated with V—O vibration.19 Each band is 

observed to shift, broaden, and weaken in intensity as temperature is increased. The 

Raman bands disappear at different temperatures for samples A, B, and C. We also see in 

Fig. 5-2 that the low-energy bands disappear at higher temperature than the V—O 

vibration at 618 cm-1. Decreasing film thickness is found to increase the temperature at 

which phonons disappear, demonstrating size dependence to the phase transition. 

Figure 5-3 summarizes the highest temperatures at which different Raman bands 

are present in samples A, B, and C. For sample A the lines are observed at higher 

temperatures than for the other samples. For sample C in Fig. 5-3 there is good 

correlation between the maximum temperature at which the 195 and 225 cm-1 peaks are 

observed and the TMIT ~ 72 °C obtained from our resistivity measurements. Based on this 

correlation, the maximum temperatures at which these peaks are observed in the Raman 

spectra are used to estimate TMIT values of 85 ± 2, 75 ± 1, and 72 ± 2 °C for samples A, B, 

and C, respectively. The Raman based phase transition temperature for the samples 

investigated here all considerably higher than TMIT ~ 68 °C in bulk VO2.  
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Fig. 5-2. Raman spectra of sample (a) A, (b) B, and (c) C, for selected temperatures 

around phase transition temperature. 
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Fig. 5-3. Highest temperature at which different phonons are present in the Raman 

spectra as a function of phonon energy for different samples studied here. 

Figure 5-4 summarizes temperature dependence of the 195, 225, and 618 cm-1 

Raman bands for the samples investigated here. At low temperatures the dependences are 

similar in each sample for the respective phonons. However, deviation is seen from this 

trend at temperatures that differ for the various samples. This is clearly seen in the band 

near 195 cm-1, which rapidly red shifts just below ~ 70 °C, but at slightly different 

temperatures for each sample. The dependence is also seen for the 225 cm-1 band, 

although it is not as pronounced. For the 618 cm-1 phonon we observe a distinct blue shift 

at the same respective temperatures in samples B and C. The latter blue shift is not 

observed in sample A prior to its disappearance from the spectrum. We interpret these 
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changes in the phonon spectrum as the onset of the phase transition, and denote the 

temperature as Tonset. The highest temperatures at which different Raman bands are 

observed are also seen to vary in each sample and for the different phonons. For sample 

C there is good correlation between the maximum temperature at which the 195 and 225 

cm-1 peaks are observed and the TMIT ~ 72 °C obtained from our resistivity measurements. 

Based on this correlation, the maximum temperatures at which these peaks are observed 

in the Raman spectra are used to estimate TMIT values of 85 ± 2, 75 ± 1, and 72 ± 2 °C for 

samples A, B, and C, respectively. The Raman based phase transition temperature for the 

samples investigated here all considerably higher than TMIT ~ 68 °C in bulk VO2. 
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Fig. 5-4. Temperature dependence of representative phonons in different samples at (a) 

196, (b) 225, and (c) 618 cm-1. 
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Substrate-induced tensile strain along the CR direction is known to increase TMIT.26 

However, in each sample investigated here we expect the interface strains to be 

comparable due to identical growth conditions. The martensitic transition, on the other 

hand, is driven by guest phase nucleation in the host material and is expected to exhibit 

finite size effects.130 Decreasing film thickness (or grain size) will decrease the presence 

of nucleation sites, such as native defects which tend to diffuse to the surface during 

growth, thereby increasing the phase transition temperature. To check for this finite size 

effect, Fig. 5-5(a) shows the 1/h dependence of TMIT based on our Raman measurements 

along with a linear fit to the data. The dependence expected from the martensitic 

nucleation interpretation appears to adequately describe our results. Extrapolation of the 

fit of our TMIT data intersects the bulk VO2 value of 68 °C at h ~ 300 nm (vertical line in 

Fig. 5-5). Consequently, finite size effects are not expected in VO2 for materials larger 

than 300 nm in characteristic dimension. Finite size effects in VO2 have been associated 

with the electron correlation length (λe) just below the phase transition.130 Our critical 

height can be used to estimate λe ~ 300 nm in VO2. In addition to the martensitic effect 

discussed above, it is also possible that surface states are formed in the nano islands, and 

these states serve as deep traps. Within this interpretation the surface states will inhibit 

the phase transition and influence the overall MIT close the surface. Clearly, this 

phenomenon will have a greater impact on smaller crystals and require higher 

temperature to coerce the transition. 

Using the differences between Tonset and TMIT, we obtain the insulator-metal 

transition width for each sample studied. The results are shown in Fig. 5-5(b). The 1/h 

dependence agrees with what is expected for the martensitic transition,130 helping 
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establish that guest-phase nucleation describes the transformations seen in VO2 islands 

and thin films. 

 

Fig. 5-5. (a) Tonset from the phonon temperature dependence, TV-O at which the 618 cm-1 

band vanishes, and TMIT from the disappearance of the 195 cm-1 Raman band, each versus 

1/h. (b) Transition width as a function of 1/h. Linear fits to the data are shown. 
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The Raman measurements reveal diverse dependences of the phonon energies 

near the phase transition. For samples B and C, the 618 cm-1 bands in Fig. 5-4(c) blue 

shift above Tonset. One possible interpretation for this is formation of an intermediate 

structural phase of VO2. For example, the T phase has been reported to exhibit a 

systematic shift in the vibrational spectrum with varying strain, an effect which is 

attributable to gradual or partial alignment of the V—V chains along the CR axis.42 

Despite observing a broader transition width in sample A, we do not see the same blue 

shift of the 618 cm-1 band. It is possible that both strain and elevated temperature are 

required to produce the T phase. The strain in sample A may partially relax due to the less 

constraining lateral geometry of the islands, in contrast to samples B and C.   

The 195 and 225 cm-1 bands persist in the spectra to TMIT, as seen in Fig. 4(a) and 

(b) and in contrast to the other Raman features which are not observable to the same 

higher temperature. Disappearance of the representative 618 cm-1 band is shown in Fig. 

5(a), at temperature denoted TV-O. Evidently, the low-energy V—V vibrations are largely 

unchanged by the initial transformations within the insulating phase, but the same is not 

true for high-frequency V—O modes. We conclude that the higher-frequency vibrations 

are not present, or are Raman forbidden, in the transformed material, and disappear 

gradually as volume fraction of R-phase VO2 grows with increasing temperature. We also 

observe a blue shift in the low-frequency bands of sample A, as seen in Fig. 4(a) and (b). 

5.4 Summary 

In summary, we have used Raman measurements to determine TMIT and other 

characteristic temperatures in nanoscale VO2 deposited on sapphire, with nominal 

thickness varied to produce discontinuous islands and contiguous thin films. We observe 
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that TMIT varies according to 1/h. Variations in the Raman spectra also allow us to 

estimate Tonset. The transition width between Tonset and TMIT also exhibits a linear 

dependence on 1/h. This finite-size effect is attributed to martensitic nucleation processes 

and is observed in VO2 for film with characteristic minimum dimension h < 300 nm. We 

associate this minimum dimension with the electron correlation length in VO2. 
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CHAPTER SIX 

CONCLUSIONS AND FUTURE WORK 

6.1 Conclusions 

We studied optical, electrical and structural properties of different vanadium 

dioxide samples by using the Raman and ellipsometry techniques. We found that 

1- There is correlation between the Raman measurement and spectroscopic 

ellipsometry with resistivity measurement for evaluating TMIT in VO2. The Raman 

measurement is found superior to the other techniques in estimating TMIT for 

discontinuous island-like VO2 films, where resistivity and ellipsometry measurements 

fail. 

2- Phase transition temperature of VO2 decreases by increasing carrier 

concentration arising from native doping. A TMIT versus free carrier concentration phase 

diagram is introduced for VO2. In this phase diagram, VO2 enters an intermediate phase 

at a characteristic temperature we call it Tonset. At T>Tonset, V—O related phonon 

deviates from standard red shif and shows a sharp blue shift. The intermediate region is 

then interpreted as a percolation region.   

3- Substrate orientation is found to affect optical and electronic band structure of 

VO2. Spectroscopic ellipsometry is used successfully to extract optical properties of VO2. 

VO2 on c-sapphire shows bigger energy gap at Eg~ 0.55 eV than samples grown on m- 

and r- sapphire. Three interband optical transitions are observed. Plasma frequency from 
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the Drude term which takes into account the optical absorption due to free carried, gives 

correct values of TMIT. 

The association between phonons at 618 and 226 cm-1 is found and hence we 

assigned the phonon mode at 226 cm-1 to the V—O vibration in VO2. 

3- We studied finite-size effect in VO2. The phase transition temperature is found 

to increase by decreasing film thickness. A characteristic length beyond which finite-size 

effect is no longer a factor is found to be 300 nm. This  can be associated with electronic 

correlation length (λe) just before phase transition happens. 

6.2 Future work 

1- Our preliminary results show that it is possible to produce M1 and M2 phase of 

VO2 in coexistence with each other at room temperature. This coexistence is found to be 

stable. Figure 6-1 shows the Raman spectra of M1 and M2 phase coexisting at room 

temperature. The phonons of M2 phase are found at 203, 220, 229, 275, 300, 341, 364, 

422, 436, 453, 460, 502, 563, 623, and 648 cm-1. These line are in agreement with 

reported values for M2 phase.42,68 More research is needed to understand the mechanism 

for this coexistence. 
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Figure 6-1. Room temperature Raman spectra of M1 and M2 phase of VO2 coexisting at 

room temperature 

2- Recently VO2 has been used as an active material for Mott transistor. This 

work needs to be done, since it is going to put VO2 into application.  

3- We found that free standing VO2 samples can be turned into V2O5. Raman and 

ellipsometry techniques can be used to study these free standing V2O5 samples. In 

agreement with reported Raman data for V2O5, Fig. 6-2 shows Raman spectrum of V2O5 

with phonons at 148, 199, 287, 406, 478, 527, 704, and 995 cm-1.29  
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Figure 6-2. Raman spectrum of V2O5 at room temperature.  

 

4- V2O5 can be used in ion lithium battery. This can be new field of research in 

nano tech center, TTU.  
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